The photolysis of certain ketones. by Cunningham, John Anthony
THE PHOTOLYSIS OF CERTAIN KETONES
John Anthony Cunningham
A D is s e r ta t io n  Subm itted to  the F a c u lt /  o f  Science 
U n iv e rs ity  o f  the W itw a tersran d, Johannesburg 
fo r  th e  Degree o f  M aster o f  Science
Johannesburg 1974
ABSTRACT
The vrork de scrib ed In  th is  d is s e r ta t io n  was concerned w ith  th e  
p h o to ly s is  o f  Z -pentanone, 4 -m eth y l-2 -pe nta no ne and 2-hexanone in  
" s o lu tio n . The p r in c ip a l aim  was to  s tudy the e f fe c t  o f  v a r ia t io n  
o f  the so lv e n t on th e  re la iiv e »  y ie ld s  o f  th e  Type I I  e l im in a t io n  and 
th e  c y c l iz a t lo n  re a c tio n s . Both p o la r i t y  arid v is c o s i ty  e f fe c ts  o f  
th e  so lv e n t were s tu d ie d , The p o la r i t y  e f fe c ts  were in  e c t . ird  w ith  
exp e c ta tio n s  based on c u r re n t 1 ite ra tu - 'e  hypotheses which In  tu rn  a re  
based p r im a r ily  on work w ith  a ry l a lk y l ketones. Small e f fe c ts  
a t t r ib u te d  to  a s o lv e n t v is c o s i ty  in flu e n c e  were observed fo r  the 
f i r s t  tim e  and a te n ta t iv e  e xp la n a tio n  fo r  these is  advanced. A 
nova/ re a c tio n  -  p h o to k e ta lIz a t io n  -  which appears to  occu r w ith o u t 
a c id  o r  base c a ta ly s is ,  was d isco ve red . P o ss ib le  mechanisms o f  
th e  ph otoke ta l iz a t io n  a re  t'iscu ssed .
As a b a s is  f o r  th e  in te r p r e ta t io n  o f  th e  r e s u lts  o f  t h is  w ork, a 
c r i t i c a l  rev iew  o f  th e  presen t s ta te  o f  knowledge about the p h o to ly s is  
o f  ketones Is  presented In  th e  In tro d u c tio n .
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IN TIW D U CTIO N
A General O u tlin e
The photochem istry  o f  ketones has been, and do ub tle ss  w?)I con tinu e  
to  be, th e  su b je c t fo r  a v a s t amount o f  research w ork. In  the work 
to  da te  two p o in ts  are o f  p a r t ic u la r  In te re s t in  r e la t io n  to  the 
presen t In v e s t ig a t io n . One Is  th e  na tu re  o f  th e  two low est energy 
e x c ite d  s ta te s  open to  an e x c ite d  ketone and any p o s s ib le  d iffe re n c e s  
between them. The o th e r concerns th e  p o s s ib le  in te rm e d ia te s  o . - ' - g  
In  the most common pathways o f re a c tio n  o f th e  e x c ite d  ke tone. I t  
is  th e  purpose o f  th is  in tro d u c to ry  chapter to  rev iew  these m atte rs  
which a re  fundamental to  an unde rs tand ing o f  th e  pre sen t re s u lts .
The arrangement o f  t h is  rev iew  is  de scrib ed below.
I r r a d ia t io n  o f  a ketone w ith  u l t r a v io le t  l i g h t  leads to  th re e  
m ain u n lm o lecu la r re a c tio n  paths -  N o rr ls h  Type I and Type I I  re a c tio n s , 
and c y c l lz a t io n .  The la t t e r  two re a c tio n s  w i l l ,  a t t r a c t  most a t te n t io n  
In  th is  d is & e r ta t io n , bu t a l l  th re e  a re  I n i t i a l l y  o u t lin e d  In 
se c t io n  B. The e x c ite d  ketone formed by a b so rp tio n  o f  a photon Is  
g e n e ra lly  accepted to  be e ith e r  a s in g le t  s ta te  o r  ( fo l lo w in g  in te rn a l 
c o n ve rs io n ), a t r i p l e t  s ta te . These two e x c ite d  s ta te s  o f  ketones 
are suggested to  have d i f f e r e n t  s tru c tu re s  r e la t iv e  to  th e  ground 
s ta te  and to  e x h ib i t  d iffe re n c e s  In  th e i r  r e a c t iv i t ie s ,  l i fe c im s s  and 
o th e r p ro p e rtie s  (see s e c t io n  C). The p r in c ip a l method o f  de te rm in in g  
th e  c o n tr ib u t io n  o f  each s ta te  to  the to ta l  n e t t  photochem ical re a c t io n ,
v iz .  quenching exp erim en ts , is  a ls o  an im portan t in d ic a to r  o f  any 
d iffe re n c e s  between th e  s ta te s . Quenchinr experim ents have been 
g r e a t ly  re f in e d  In  rece n t tim es and some o f  the e a r l ie r  con fu s io n  
and c o n tra d ic to ry  r e s u lt s ,  re s o lv e d . Some o f  the  p r in c ip a l con­
c lu s io n s  from  such experim ents w ith  d ia lk y l  ketones (th e  concern o f 
t h is  d is s e r ta t io n )  a re  d iscussed in  se c tio n  C 3 o f  t h is  cha p te r.
N o rr is h  Type I I  e l im in a t io n  and c y c l iz a t io n  a re  though t to  occur 
v ia  a cornnon In te rm e d ia te , which is  now w id e ly  accepted to  be a 1 ,4 - 
b i r a d ic a l .  I t  is  c ie e r ,  t h e i - ’o r e ,  th a t an unde rs tanding o f  these 
photochem ical re a c tio n s  revo lve s  around a knowledge o f  th e  fa c to rs  
a f fe c t in g  the  fo rm a tio n  and decay o f  th is  b i r a d ic a l . Some o f  the  
knowledge a v a i la b le  a t  p resen t is  d iscussed in  se c tio n  i : o f  t h is  
cha p te r.
Host o f  th e  e a r l ie r  photochem ical s tu d ie s  o f  ketones were o f  the
gas phase processes, bu t th e  g re a te r  amount o f  work today concerns th e
l iq u id  phase. Many media e f fe c ts  on ketone photochem istry  have been 
recorded In  a ra th e r  fragm entary  way In  th e  l i t e r a t u r e .  These a re  o f  
p a r t ic u la r  im portance In  regard to  th e  presen t work which is  p a r t ly
concerned w ith  v is c o s i ty  e f fe c t s .  To p ro v id e  a b a s is  fo r  an under­
s ta nd in g  o f  the pre sen t re s u lt s ,  th e  e x is t in g  In fo rm a tio n  is  reviewed
In a d d it io n  to  th e  u n lm o lecu la r ph o to re a c tio n s  re fe rre d  to  above, 
a con s ide ra b le  number o f  b lm o le cu ia r  p h o to rea c tion s  o f  ketones W .u  
been de sc rib e d . I t  w^uld be o u t o f  p lace  here to  re fe r  to  them 
a l l ,  s in ce  th ey  a re  no t d i r e c t ly  re le v a n t to  the presen t w ork. How­
e ve r, hydrogen tra n s fe r  from  so lv e n t Is  one such re a c tio n  th a t Is 
r e le v a n t , and some aspects o f  t h is  are th e re fo re  reviewed in  s e c t io n  EJ.
t r  •»
B Basic U n liro le cu la r P hoto rea c tion s  o f  Ketones
Ketones e x h ib i t  th re e  photochem ical re a c tio n s  th a t  appear to  be 
un im o lecu ia r In  n a tu re . One th a t Is  u n iv e rs a l ly  e x h ib ite d  to  v a ry ­
ing degrees is  the  N o rr is h  Type I re a c tio n  (Scheme I ,  re a c tio n  A ), o r  
a -c lea vag e in to  r a d ic a ls  , ’ 2 , The o th e r two re a c tio n s  ta ke  p lace 
o n ly  i f  th e re  is  a y-hydrogen pre sen t in  one o f  th e  a lk y l groups. 
These two re a c tio n s  a re  th e  N o rr is h  Type I i  re a c tio n  le a d in g  to  th e  
e l im in a t io n  o f  an a lke ne   ^ (Scheme 1, re a c tio n  B ) , and a v a r ia n t o f  
the  Type I I  re a c tio n  found by Yung, lea d in g  to  a cyc lob u ta no l * 
(Scheme I , re a c tio n  C ).
Scheme I
R ,& C % R  R , | "  -CHR - R-  R ,(c H , ♦ C H fC H R
CH2- C H 2
R,H* H & C ^ lg R iC O  e tc
X
OH 
P 6 -C H R
These re a c tio n s  can u s u a lly  be brought about w ith  ra d ia t io n  o f 
wave length about 30Qnm. I f ,  however, a she-  -'e le n g th  is  
usiid a N orr ish .T ype  I I I  re a c tio n  ( y ie ld  Ig^CHCHgR)
may occu r ^ . T h is  mode o f  re a c tio n  is  nec, . a t  313nm
The In tra m o le cu la r  hydrogen a b s tra c t io n  was f i r s t  proposed by 
Noyes The ketone formed from  re a c tio n  6 (Scheme |)  is  i n i t i a l l y  
produced in  th e  enol fo rm  R^C(0H)=<H2 as was f i r s t  shown e x p e r im e n ta lly  
by lo n g -p e th  in fra re d  s tu d ie s  o f  th e  p h o to ly s is  o f  gaseous 
2-pentanone
W ith  ketones having a lk y l s lde cha lns  o f  less  than th re e  carbons 
in  length# Type I re a c tio n  is  th e  m ajor p rocess. The p r o b a b i l it y  o f  
a Type I re a c t io n , however, Is  reduced when a y-hydrogen Is  p re sen t 
There Is  a fu r th e r  sm a lle r  decrease In  Type I quantum y ie ld s  when the 
typ e o f  y-hydrogen changes from  prim ary  to  secondary to  t e r t ia r y  • " 10. 
Keeping such v a r ia b le s  co n s ta n t, the  Type I re a c tio n  quantum y ie ld  
appears to  decrease w ith  inc re a s in g  a lk y l chain len g th
The fa c t  th a t  r a d ic a ls  a re  formed in  th e  Type I re a c tio n  
(Scheme 1, re a c tio n  A) was f l ^ s t  proposed by Bamford and t to r r is h  In 
1935 32 and has s in ce  been overw he lm ing ly  proved. One would expect 
th a t th e  more s ta b le  th e  ra d ic a l Ft-, th e  more l i k e l y  i t  Is  to  be a 
Type I f is s io n  p ro d u c t. Indeed, Yang has shown th a t 2 -m e th y l-2 -  
p ro py l ketones ( (C K ^ C  C0R ((C H ^g C jg  o  ^ ) ,  undergo a c o n s id e r­
ab le  amount o f  Type I re a c tio n  in  the  I lq u l  "i • se to  produce the 
com p ara tive ly  s ta b le  2-m ethy1-2 -p ropy l ra d ic a l.  A lso Ausloos and 
Rebbert f in d  th a t 90% o f  th e  Type I breakdown o : Z-pentanone in  the 
l iq u id  phase produces CH^CO- and Furtherm ore ,
P i t t s  and B la c e t, us ing  l i g h t  o f  w avelength 3l3nm to  ir r a d ia te  
gaseous methyl e th y l ke tone, found the amount o f  e th y l ra d ic a ls  
produced was fa r  la rg e r  than th a t o f  m ethyl ra d ic a ls  (40:1 a t 100°C)
However, some opposing f in d in g s  have been re p o rte d . G u il le t  and 
coworkers have shown th a t in  th e  l iq u id  phase p h o to ly s is  o f
4-m ethy l-3 -hexanone , p roducts de rive d  from  th e  e th y l ra d ic a l a re  formed
about 10 tim es more abundantly  than those rrom th e  b u ty l ra d ic a l ^  * .  
A lso M ico i and C a iv e rt ,  from  a s tu dy  o f  the  gas phase p h o to ly s is  o f  
ketones o f  th e  type 1-PrCOR, have shown th a t th e  la rg e r  R group does 
no t n e c e s s a r ily  produce more Type I re a c tio n  ^ . I t  should be no ted, 
however, th a t t h is  l a t t e r  ob se rva tio n  is  made on th e  bas is  o f  com­
p a riso ns  between th e  t o ta l  Type f  quantum y ie ld s  o f  d i f f e r e n t  ke tones, 
and these y ie ld s  w i l l  be in flu e n ce d  by th e  r e la t iv e  com p e titive ne ss  o f 
o th e r  processes. T h is  com p e titive ne ss  w i l l  In  tu rn  be In flu e n ce d  by 
va ria n ce  In  th e  na tu re  o f  th e  group ft.
In  c e r ta in  cases th e  Type I re a c tio n  Is  e lim in a te d . G u ll l e t  
and coworkers showed th a t w ith  an e-m ethoxy group in  th e  s ide cha in  
(2-m ethoxy-3- pentanone), no Type I p ro du cts  a re  formed (For a
d iscu ss io n  o f th e  e f fe c t  o f  ft-a iko xy  groups see In tro d u c t io n , se c t io n  
0 1 (b ) .)  The Type I I  quantum y ie ld  fo r  th is  compound is  increased 
ove r th a t o b ta in ed  from  a s im ila r  a lk y l ketone (k-m ethyI-3-hexanone) 
and a lower energy fo r  th e  Type 11 t r a n s i t io n  s ta te  fo r  the fo rm er Is  
th e re fo re  proposed ( ra th e r  than th e re  be ing any in h ib i t io n  o f  the 
Type I re a c t io n ) .
A l l  the  typas o f  pi, .chemical re a c tio n s  o f  ketones have been 
s tu d ie d  in  bo th th e  vapour and l iq u id  phases (except th e  N o rr ish  
Type I I I  re a c tio n  which has o n ly  been observed in  th e  gas phase).
Type I quantum y ie ld s  a re  much low er in  the  l iq u id  ph ise  than In the 
gas phase, p ro ba b ly  a t  le a s t p a r t ly  because o f  a ceiy> c - ife c t.  in 
c o n tra s t I t  has been shown th a t th e  Type I I  r e a c t in ' o .c u rs  rou gh ly
*  They a t t r ib u t e  th is  to  a p o s s ib ly  g re a te r  e f f l i  c . j i  ■, - , f  escape o f 
th e  e th y l ra d ic a l from  th e  so lv e n t cage as com,: c.. 10 th e  la rg e r  
2 -b u ty l ra d ic a l (see In tro d u c tio n , se c t io n  E 3 ( ') )  •
Tin  th e  same quantum y ie ld s  in  bo th phases However, th e  cyc?o-
butano i seems to  be formed to  a g re a te r  e x te n t in  the 1 iq u id  phase 
than in  th e  gaseous phase I r r a d ia t io n s .  Indeed, o n ly  on o r  two 
au thors  have rep o rted  c yc io b u ta n o ls  In  gas phase s tu d ie s  - 
though th is  may be p a r t ly  due to  th e  fa c t  th a t th ey  o f te n  d id  n o t look 
fo r  such compo -nds.
In 1967 Ausloos dnd R ebbert found a pressure  e f fe c t  on the photo­
che m is try  o f  gaseous 2-peneanone These au th o rs  found th a t ,
u sing  Slgnm i r r a d ia t io n ,  th e  quantum y ie ld  o f  the cyc lob u ta no l 
( l-m e th y ic y c lo b u ta n o l)  Increased as th e  pressure  Increased (a t 280 C and 
pressures between 0,13 and 32mm, ph o to lyses produced quantum y ie ld s  o f 
0,028 up to  0 ,10 8 ). A tem pera ture  decrease had th e  same e f fe c t  (a t  a 
p ressure o f  15mm ph o to lyses a t  150°C and 28°C produced quantum y ie ld s  
o f  0,044 and 0,075 r e s p e c t iv e ly ) .  A lso  th e  r a t io s  o f  cyc lo b u ta n o l : 
ace tone ( i . e .  e y c J iz a tto n  : e l im in a t io n )  under a v a r ie t y  o f  co n d it io n s  
o f  tem perature and p re ssu re , la y  In  th e  range 0,1 to  0 ,3  fo r  th e  gas 
phase i r r a d ia t io n ,  w h ile  a t  ....- io n . tem peratures in  th e  l iq u id  phase 
th e  r a t io  la y  between 0,4  and 0 ,5 - I t  is  reasonab le to  argue t i ia t  i f  
th e  re a c tio n  process is  s im i la r  in  th e  two phases (th e re  appears to  be 
no evidence to  suggest o th e rw is e } , an e f fe c t  s im i la r  to  the gas phase 
pressure  e f fe c t  may be o b ta in ed  in  th e  l iq u id  phase by va ry in g  th e  v is c o s ity  
o f  the  l iq u id .  Indeed one o f  th e  alms o f  th e  work rep o rted  in  th is  d is s e r ­
ta t io n  was to  In v e s tig a te  th is  p o s s ib i l i t y  using th re e  s im ila r  2-a lkanones.
C N ature and P ro p e rtie s  o f  th e  Ketone fx c i te d  S tates
1. Nature & f th e  Ketone E xc ite d  S tates
The photon o f  e x c ita t io n  energy absorbed by th e  carbonyl group, 
u s u a lly  leads to  two e le c tro n s  becoming o r b l t a l l y  decoupled. The 
e le c tro n  s p in s , however, u s u a lly  remain a n t lp a r s l le l  and th e re  Is  
formed an e le c t r o n ic  isomer o f  the ground s ta te ,  c a lle d  th e  e x c ite d
-  7 -
s in g le t  s ta te .  The e le c tro n  sp in s can bscome p a r a l le l  fo rm ing  th e  
t r i p l e t  s ta te ,  th e  changeover be ing known as In te rsys te m  c ro s s in g  (ISC ), 
Both s ta te s  may undergo r a d ia t iv e  o r  n o n - ra d la t iv e  re ve rs io n  to  th e  
ground s ta te  o r  chem ical re a c tio n . Numerous au thors  have observed th a t 
th e  n a tu ra l l i f e t im e  o f  th e  s in g le t  is  le s s  than th a t o f  th e  t r i p l e t  
s ta te  as I t s  m u l t i p l i c i t y  Is  th e  same as th a t o f  th e  ground s ta te . The 
diagram  below (Scheme I I )  summarises these re la t io n s h ip s :
Scheme 11
F lu o re s c e n c e  R eaction  or’ f-ho sphorescence
R cd ia tion less dfc itsy
Any h ig he r energy e x c i u j  s in g le t  s ta te  (S^, e t c . ) ,  r a p id ly  
cascades down to  e s p e c ia lly  In  the  l iq u id  phase A lso  a1 r>st
a l l  o f  th e  T j comes from  in te rsys te m  c ro ss in g  (ISC) and not d i r e c t  
ab so rp tio n .
As regards ketones o f  the typ e  re le v a n t to  th e  presen t work 
(e .g . 2-pentanone) bo th fluo resce nce  and phosphorescence have low 
quantum y ie ld s  In th e  gas phase and in  s o lu t io n  '9 ,2 0 ^  Furtherm ore, 
the quantum y ie ld  o f  f luo resce nce  and th e  s in g le t  l i f e t im e  decrease 
as th e  cha in  le n g th  o f  th e  a lk y l group Increases ^ . Thus chemical 
re a c tio n  o r  r a d la t lo n lc s s  decay would seem to  be the p r in c ip a l fa te s  
o f th e  e le c tro n ic .d U y -e x c lte d  s ta te s  o f  s im p le  ketones In  s o lu t io n .
A a
s in g le t  and t r i p l e t  s ta le s  ^ave th e  c o n fig u ra tio n  o f  (no )^ (w * ) 1 
(commonly a b b re v ia te d  to  n it* ) .  The n o r b it a l  Is  more o r  less  
lo c a lis e d  on th e  carbonyl oxygei, atom w h ile  th e  ir*  o r b it a l  Is 
d e lo c a liz e d  ove r bo th th e  C and 0 atoms The it*  n
e x c i ta t io n  may be represen ted  as;
 o’
T h is  model suggests th a t bo th  s ta te s  w i l l  e x h ib i t  e le c t r o p h l1Ic  and 
r a d ic a l - l i k e  c h a ra c te r  in  th e  v i c i n i t y  o f  th e  s in g ly  occupied n 
o r b it a l  on th e  oxygen and n u c le o p h l lic  (and p o s s ib ly  r a d ic a l- I  ike ) 
c h a ra c te r  above and below th e  carbony l faces because o f  the presence
2 . S tru c tu re  o f the Ketone E xc ite d  S tates
R a d ia tiv e  t r a n s it io n s  between s ta te s  a re  governed by th e  Franck- 
Condon p r in c ip le  which re q u ire s  a l l  t r a n s i t io n s  to  be v e r t i c a l ,  i . e .  
in v o lv e  no change In In te rn u c le a r  d is ta n ce s . The r a t io n a le  is  th a t 
e le c tro n  movements a re  fa s te r  than nu c lea r movements, A v a r ie t y  o f  
v ib r a t io n a l s ta te s  are a v a i la b le  to  any e le c tro n ic  s ta te  and th e re ­
fo re  bo th the a b so rp tio n  and em ission spe c tra  w i l l  c o n s is t o f  c lo s e ly  
spaced l in e s  correspond ing  to  d i f f e r e n t  v ib r a t io n a l energy changes. 
The most probab le  t r a n s i t io n s  occu r from  th e  ground v ib r a t io n a l s ta te
o f  a t "  e le c tro n  2Z.
when th e  in te rn u c le a r  d is ta n ce  Is  th e  e q u ilib r iu m  va lu e . In th e  
case o f  h ig h e r v ib r a t io n a l s ta te s , however, the  moat p ro ba b le  t r a n s i­
t io n s  occu r when the m olecu ie is  near one o f  th e  tu rn in g  p o in ts  o f  
th e  v ib r a t io n .  The Im p lic a t io n  o f  th e  Franck-Ccndon p r in c ip le  is  
th a t th e  e x c ite d  s ta te  reached by a b so rp tio n  o f  r a d ia t io n ,  must have 
th e  same geometry as th e  ground s ta te .  However, t h is  geometry need 
n o t be th e  p re fe rre d  e q u il ib r iu m  geometry o f  th e  e x c ite d  s ta te .
As seen be fo re  th e  e le c t r o n ic a l ly - e x c it e d  carb on y l group Is 
v i r t u a l l y  a s in g ly  bonded e n t i t y  and i t  would no t be a t = : I s u rp r is in g
i f  i t s  e q u i l ib r iu m  geometry d i f f e r e d  from  th a t o f  the  ground s ta te .
The fa c t  th a t th e re  Is  a la rg e  d if fe re n c e  between th e  e n e rg ie s  o f 
a b so rp tio n  and em ission o f  acetone Indeed im p lie s  such s  geom etric  
change between the  ground and e x c ite d  s ta te s  The e xp la n a tio n
advanced is  th a t th e  Franck-Condon e x c ite d  s ta te  m o lecu le  (p la n a r 
about th e  carbonyl group) lias a long enough l i f e t im e  to  re la x  to
pyram idal geometry be fo re  em iss ion . Indeed,, d i r e c t  spe c tro sco p ic
in v e s t ig a t io n  has shown th a t e q u i l ib r iu m  t r i p l e t  fo rm aldehyde is  ou t 
o f  p lane (py ram ida l) by 35° w h l 'e  th e  s in g le t  s ta te  is  o u t o f  p lane by 
20° 22 ' 2 it. Wagner, on th e  ba s is  o f  the  re s u lts  o f  experim ents w ith  
ace tone , has a lso  suggested th a t th e  t r i p l e t  s ta te  is  more puckered 
than th e  s in g le t  s ta te  In  th e  case o f  aIkanones ^ . As regards o the r 
alkanones O 'S u l l lv  n and T e s ta , from  a s tudy o f  a number o f  examples, 
suggest th a t an increase in  the  a lk y l group s iz e  decreases th e  energy 
d if fe re n c e  between th e  p la n a r Franck-Condon e x c ite d  s ta te  and the  
pyram idal e q u l l ib r iu m  e x c ite d  s ta te  from  which em ission (and probab ly  
re a c tio n )  occurs 2^.
The o v e ra l l  con c lus io n  is  th a t th e  Franck-Condon p r in c ip le  Is  no t 




In te rp re ta t io n s  o f  e x c ite d  s ta te  p ro p e rtie s .
3 . D iffe re n ce s  in  P h o to re a c tW lty  Between S in g le t and 
T r ip le t  S tates
(a) Methods o f  s tudy 
Because o f  th e ir  d is t in c t iv e  p ro p e rtie s  th e  s in g le t  and t r i p l e t  
e x c ite d  s ta te s  can be expected to  make d i f f e r e n t  c o n tr ib u t io n s  to  the 
n e tt  photochem ical change. These d i f f e r e n t  C o n tr ib u t io n s  may be 
revealed by comparing th e  p h o to rea c tion s  In  th e  presence o r  absence 
o f  added quencher. A quencher Is  a substance w hich can accept the 
s in g le t  o r  t r i p l e t  e x c ita t io n  energy o f  th e  ke tone, th e  th e o re t ic a l 
requirem ent f o r  t h is  be ing th a t i t s  energy o f  e x c ita t io n  Is  low er than 
th a t o f  th e  ketone I r  qu es tio n  * .  I t  is  b e lie v e d , fo r  example, th a t  2 ,3 -  
bu tand ione is  a b le  to  quench th e  s in g le t  s ta te  o f  s im p le  ketones ^  (a n d  
hence a ls o  preven ts  fo rm a tio n  o f  t r i p l e t s ) , whereas dienes (such as 
1«3~pentadlene) quench o n ly  the  t r i p l e t  s ta te  o f  most ketones The
mechanism is  u s u a lly  though t to  be a ph ys ica l energy tra n s fe r  process 
concern ing  which th e re  a re  many th e o r ie s  bu t i t  has a lso  been 
suggested th a t th e  quenching may be o f  a chemical n a tu re  In  some 
cases ^ . In the  energy tra n s fe r  process, th e  acce ptor o r  quencher 
u s u a lly  takes on the  same s p in  s ta te  as the e x c ite d  donor The
most Im po rtan t fa c t  In  r e la t io n  to  quenching in  s o lu t io n , is  th a t the 
ra te  o f  th e  process Is u s u a lly  d i f f u s io n - c o n tro l le d  (except in  media 
o f  low v is c o s i ty  due to  donor and acce p to r having to  move through 
th e  s o lu t io n  in  o rd e r to  encounter one an othe r when fa c i le  energy
*  A lth ou gh experim ental r e s u lts  a re  g e n e ra lly  c o n s is te n t w ith  th is  
e x p e c ta tio n , Yang has rep o rted  cases o f  inco n s is te n cy  ^ .
t r a n s fe r  may occu r . Recent experim ents suggest th a t  van de r Waals
con ta c t d is ta n ce s  <ire s u f f ic ie n t  to  pe rm it energy tra n s fe r
Hence s te r ic  h indrance to  energy t ra n s fe r  seems to  be r a r e ly  found.
The e f fe c t iv e n e s s  o f  a quenching process can be measured by
u s ing  th e  5tern-Vo1m er p lo t .  I t  can be shown th a t
where [ a]  Is  th e  co n c e n tra t io n  o f  th e  quencher (A ); and $o
a re  th e  quantum y ie ld s  o f  re a c tio n  (o r o th e r processes) w ith  and
w ith o u t A re s p e c t iv e ly ;  kq is  th e  ra te  con s ta nt f o r  quenching
(a p p rox im a te ly  equal to  th e  ra te  o f  d i f f u s io n ) ;  t is  th e  l i fe t im e
o f  th e  s ta te  being quenched.
From th is  then i t  can be seen th a t a p lo t  o f  s i
*A
should  g iv e  a s t r a ig h t  l in e  iv i th  an in te rc e p t o f  ! a,. s  equal 
to  kg T.
Whatever th e  n a tu re  o f  th e  energy tra n s fe r  process, i t  appears 
•g e n e ra lly  to  occu r a t a ra te  c lo s e  to  the ra te  o f  d i f f u s io n  -  and th is
assum ption Is  o f te n  made, There a re  a number o f  ob se rva tion s  how''-
which suggest th a t th is  assum ption should be made w ith  c a u tio n . For 
example, Wagner has found th a t th e  ra te  o f  t r i p l e t  quenching and th e  
ra te  o f  d i f f u s io n  a re  ro u g h ly  th e  same in  2-m e th y i-2-propano? and th a t 
they a re  bo th p ro p o rtio n a l to  th e  re c ip ro c a l o f  v is c o s ity  However,
on using a hydrocarbon o f  th e  same v is c o s i ty  th e  ra te  o f  quenching was 
about h a l f  th a t found in  2-m e th y l-2-p ropano1.
*  There a re  o th e r  quenching mechanisms (e .g . long range tra n s fe rs )  
bu t these a re  less  common and a re  u n l ik e ly  to  be im p orta n t In  the 
k inds o f  experim ent rep o rted  here.
A g a in , In  more rece n t w ork, Vagner has shown th a t I f  a so lv e n t 
has a v is c o s i ty  le s s  chan about th re e  c e n t ip o ls e , th e  ra te  o f  energy 
tra n s fe r  may be le s s  than th a t o f  d i f f u s io n .  I . e .  th e  energy tra n s fe r  
is  then not t o t a l l y  d if f u s io n - c o n tro l le d  For s o lve n ts  w ith
v is c o s i ty  h ig he r than th re e  cP, th e  ra te  o f  energy tra n s fe r  
(quenching) a p p ro x im a te ly  equa ls th e  ra te  o f  d i f f u s io n .  However, 
many au th o rs  s t i l l  equate the ra te s  o f  quenching and d i f f u s io n  fo r  
a l l  so lv e n ts . Thus any k in e t ic  work reported  In  th e  l i t e r a t u r e  which 
h'js been done us ing  s o lve n ts  o f  low v is c o s i ty  >d in  w hich th is  assumption 
has been made, must be cons ide red p o s s ib ly  u n re l ia b le .
A nothe r p o in t o f  ca u tio n  has been ra ised  by T u rro  and coworkers 
They have shown th a t 1,3 -p en ta d ien e  quenches some o f  th e  s in g le t
as w e ll as th e  t r i p l e t  s ta te s  o f  ke tones. T h is  p a r t ia l  quenching 
(o f th e  flu o re sce n ce ) o f  the s in g le t  s ta te  Is  o n ly  im p orta n t fo r  
h ig h  c o n ce n tra t io n s  o f  th e  d iene (> 1M). 'n  these circum stances 
a m o d if ie d  S tern-Vo lm er exp ress ion  must be employed In  view  o f
these f in d in g s  i t  Is  ev id e n t th a t th e  p ra c t ic e  o f  a t t r ib u t in g  th e  
re d u c tio n  in  o v e ra l l  quantum y ie ld  a t  h ig h  quencher c o n ce n tra t io n s  to  
e l im in a t io n  o f  th e  t r i p l e t  c o n tr ib u t io n  to  th e  re a c t io n , is  an 
unwise one.
A d d it io n a l In fo rm a tio n  about th e  c h a r a c te r is t ic s  o f  th e  d i f f e r e n t  
e x c ite d  s ta te s  and th e i r  invo lvem ent in  ketone p h o toch em is try , has 
a ls o  been gained by less ob v iou s methods. An example is  th e  use o f 
a ry l a lk y l ketones to  dem onstra te e f fe c ts  most p ro ba b ly  p re sen t In 
a lkanones. T h is  Is  due m a in ly  to  th e  la rg e  p ro p o rtio n  (sometimes
*  The mechanism o f  th is  quenching Is  a lm ost c e r ta in ly  no t a s im p le 
energy tra n s fe r  one. Yang and coworkers have suggested a mechanism 
In v o lv in g  e x c ip le x , charge tra n s fe r  complex and oxetane fo rm a tio n  ^ .
A gain , in  more rece n t t*. a , Wagner has shown th a t I f  a so lv e n t 
has a v ls c o ' . i t y  le s s  than about th re e  c e n t ip o is e , th e  r a te  o f  energy 
t ra n s fe r  may be less  than th a t o f  d i f f u s io n ,  i . e .  th e  energy tra n s fe r  
is  th en  no t t o t a l l y  d if f u s io n - c o n tro l le d  For s o lve n ts  w ith
v is c o s i ty  h ig he r than th re e  cP, th e  ra te  o f  energy tra n s fe r  
(quenching) a p p ro x im a te ly  equals th e  ra te  o f  d i f f u s io n .  However, 
many au thors  s t i l l  equate the  ra te s  o f  quenching and d i f f u s io n  fo r  
a l l  s o lv e n ts . Thus any k in e t ic  work rep o rted  in  th e  l i t e r a t u r e  w hich 
has been done us in g  s o lve n ts  o f  low  v is c o s i ty  and in  which th is  assumption 
has been made, must be considered p o s s ib ly  u n re iis ib le .
Another po’ n t o f  ca u tio n  has been ra ise d  by T u rro  and coworkers 
They have shown th a t 1,3 -p en ta d ien e  quenches some o f  th e  s in g le t  
as w e ll as th e  t r i p l e t  s ta te s  o f  ketones. T h is  p a r t ia l  quenching 
(o f th e  flu o re sce n ce ) o f  th e  s in g le t  s ta te  is  o n ly  im p orta n t fo r  
h ig h  c o n ce n tra t io n s  o f  th e  d lene (> IM ). In these circum stances 
a m o d if ie d  S tern-Vo lm er exp ress ion  must be employed In  v iew  o f
these f in d in g s  i t  Is  ev id e n t th a t th e  p ra c t ic e  o f  a t t r ib u t in g  th e  
re d u c tio n  In  o v e ra l l  quantum y ie ld  a t  h igh quencher c o n ce n tra tio n s  to  
e lim in a t io n  o f  th e  t r i p l e t  c o n tr ib u t io n  to  th e  re a c t io n . Is  an 
unwise one.
A d d it io n a l in fo rm a tio n  about th e  c h a ra c te r is t ic s  o f  the d i f f e r e n t  
e x c ite d  s ta te s  and t h e i r  involvem ent In  ketone ph o toch em is try , has 
a lso  been gained by le ss  obvious methods. An example is  th e  use o f 
a ry l a lky? ketones to  dem onstra te e f fe c ts  most p ro ba b ly  p re sen t In 
a lkanones. T h is  Is  due m a in ly  to  th e  la rg e  p ro p o rtio n  (sometimes
*  The mechanism o f  th is  quenching Is  a lm ost c e r ta in ly  no t a s im p le  
energy tra n s fe r  one. Yang and cow orkers have suggested a mechanism 
In v o lv in g  e x c lp le x , charge tra n s fe r  complex and oxetane fo rm a tio n
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e x c lu s iv e )  o f  t r i p l e t  s ta te  re a c tio n  In  a ry l a lk y l ketones 
which p e rm its  a com p ara tive ly  easy s tu dy o f  t r i p l e t  s ta te  p ro p e rtie s  
and how they o re  In flu e n ce d  by s tr u c tu r e ,  s o lv e n t, e tc .  The 
a p p l ic a b i l i t y  o f  t h is  approach depends on e s ta b lis h in g  th a t i t  is  
th e  nw* s ta te  which Is  the  re a c tiv e  s ta te  o f  the  a ry l a lk y l ketone 
. I
(b) R esu lts  and conc lus ions 
Study o f  th e  p a r t ic ip a t io n  o f  th e  s in g le t  and t r i p l e t  s ta te s  o f 
ketones in  ketone p h o to re a c tio n s  has been e x te n s iv e , and o n ly  the  
main re s u lts  w i l l  be o u t l in e d  In  th e  fo llo w in g  pages. S ince the  
Type 11 re a c tio n  and cyc lob u ta no l fo rm a tio n  a re  th e  p r in c ip a l p o in ts  
o f  In te re s t in  th is  d is s e r ta t io n ,  most o f  th e  d iscu ss ion  cen tre s  around 
these two re a c tio n s . I t  may s im p ly  be noted here vhat i t  appears 
th a t the  Type I re a c tio n s  ?n s o lu t io n  may take p la ce  from  e i th e r  s ta te  
e x c lu s iv e ly  o r  p a r t ly  from  both
The p re s e n tly  accepted p o s it io n  Is  th a t the  c y c l iz a t lo n  and th e  
e l im in a t io n  re a c tio n s  occur from  both th e  s in g le t  and t r i p l e t  s ta te . 
T h is  was f i r s t  shown by Wagner and Hammond who found th a t
1,3 -p en ta d len e  d id  no t s to p  a l l  th e  e l im in a t io n  and cyc lob u ta no l 
fo rm a tio n  from  2-pentanone In  th e  l iq u id  phase A t about th e  same
tim e  Dougherty came to  th e  same con c lus io n  reg ard in g  th e  p h o to ly s is  
o f  l iq u id  2-octanone ^  from  th e  le v e l l in g  o f f  o f  a S tern-Vo lm er p lo t  
fo r  h ig he r quencher c o n c e n tra t io n s .
A number o f  au th o rs  have in ve s tig a te d  th e  c o n tr ib u t io n  o f  s in g le t  
and t r i p l e t  s ta te s  to  th e  to ta l  observed e l im in a t io n  and 
c y c l iz a t lo n  10 ,2 8 ,4 8 ,49 . | t  appears th a t most o f  th e  c y c l iz a t lo n  
comes from  th e  t r i p l e t  s ta te . E lim in a t io n  (Type I I  re a c tio n )  Is  th e  
major re a c tio n  o f  th e  s in g le t  s ta te  bu t ne ve rth e le ss  e lim in a t io n  
pro du cts  may be o b ta in ed  from  th e  t r i p l e t  s ta te  In  s u b s ta n t ia l y ie ld s  -
sometimes la rg e r  than th e  y ie ld s  from  th e  s in g le t  s ta te .  The case 
o f  5- meChyl-2-hexanone is  p ro ba b ly  ty p ic a l .  In  hexane Yang and 
E l l i o t t  found th a t th e  t o ta l  quantum y ie ld  (e l im in a t io n  and 
c y c l lz a t io n )  was 0,077 from  Che s in g le t  and 0,076 from  th e  t r i p l e t  
However, the p a r t i t io n in g  between e l im in a t io n  and c y c i iz a t lo n  was 
12:1 f o r  th e  s in g le t  s ta te  and 3:1 fo r  th e  t r i p l e t  s ta te .
The p o s s ib i l i t y  o f  a connection  between th e  len g th  o f  the 
alkanone s i dechain and changes in  quantum y ie ld  o f  th e  e lim in a t io n  
and c y c l lz a t io n  re a c t io n s , o r  amounts o f  p a r t ic ip a t io n  by e ith e r  
e x c ite d  s ta te ,  has re ce ive d  some a t te n t io n  in  th e  l i t e r a t u r e .  P i t t s  
and coworkers s tu d ie d  phenyl a lk y l ketones, w ith  a lk y l s ide cha lns  va ry in g  
from  th re e  to  ten carbon atoms in  le n g th  They found no change in
e i th e r  th e  quantum y ie ld s  o f  th e  e l im in a t io n  and c y . - l lz a t io n  re a c tio n s  
o r  th e  l i f e t im e  o f  th e  t r i p l e t  s ta ve , wagner and Kemppalnen la te r  
con firm ed th is  ^ .
Gui 1 l e t  and cow orkers have s tu d ie d  t h is  p o in t us ing  alkanones 
They fo un d, in  c o n tra s t to  th e  above-mentioned r e s u lt s ,  th a t the  
quantum y ie ld  o f  th e  e l l i r ln a t lo n  re a c tio n  dropped as th e  cha in  len g th  
increased However, w h ile  th e  e l im in a t io n  re a c tio n  y ie ld s  from
both th e  s in g le t  and t r i p l e t  s ta te s  decreased, th e  r a t io  o f  s in g le t  to  
t r i p l e t  e lim in a t io n  y ie ld s  reiimlned c o n s ta n t. The quantum y ie ld  o f  
cycZobutano! fo rm a tio n  a ls o  appeared to  d im in is h  w ith  In c re as in g  cha in  
le n g th  They reasoned th a t In c re as in g  ra d ia t lo n le s s  decay
occu rred  w ith  inc re a s in g  cha in  le n g th  (see In tro d u c t io n , se c tio n  
0 2 ( e ) ) .
As noted e a r l ie r  th e re  Is. co n s id e ra b le  evidence th a t bo th s in g le t  
and t r i p l e t  ketone s ta te s  undergo e l im in a t io n  and c y c l lz a t io n  v ia  th e
1 ,4 -b lra d lc a l formed by in tra m o le c u la r  hydrogen a b s tra c t io n . In 
a d d it io n ,  r a d ia t lo n le s s  decay o f  th e  s ta te s  probab ly  In vo lves  th e  same
In te rm ed ia te s  (see I n i -  c t lo n ,  se c t io n  02 ( e ) ) .  I t  fo llo w s  that, 
fa c to rs  w hich in flu e n c e  I .  o f  7 -hydrogen a b s tra c t io n  by th e
f ir s t - fo r m e d  s ln i i lo t  should a f ee c t th e  p ro p o rtio n  o f  n e tt  re a c tio n  
o c c u rr in g  v ia  th e  s in g le t  s ta te .  Amongst s t ru c tu ra l fa c to rs  which 
I n f i  .ence th e  p ro p o rtio n  o f  s in g le t  and t r i p l e t  re a c tio n s  in  th is  
way a re  the n a tu re  and number o f  y -hydrogen atoms, th e  s u b s t i tu t io n  
o f  deuterium  fo r  y-hyd rogen and the le n g th  o f  the a lk y l cha in .
These w i l l  be d iscussed in  th e  fo llo w in g  s e c tio n s  which a re  concerned 
w ith  th e  p ro p e rtie s  o f  1 ,4 -b ira d lc a ls .
D 1,4 -B Ira d ic a l In te rm ed ia te s  in  P hoto rea c tion s  o f  Ketones
As m entioned e a r l i e r ,  i r r a d ia t io n  o f  ketones having 0 y -hyd rogen, 
leads to  Type I I  re a c tio n  and cyc lo b u ta n o l fo rm a tio n . I n i t i a l l y  
th e re  was much debate -is to  whether e i th e r  re a c tio n  (Type I I  re a c tio n  
o r  cyc lo b u ta n o l fo rm a tio n )  was concerted  o r  invo lved  a 1,4 - b l r a d lc a l . 
Bamford and N o rr ls h  f i r s t  fo rm u la ted  th e  mechanism o f  th e ir  Type 11 
re a c tio n  w ith o u t ra d ic a ls  * and a concerted  mechanism was p o s tu la te d  
by many au thors  In c lu d in g  Ausloos and R ebbert However, these
au th o rs  found th a t  pressure  and tem perature a f fe c te d  o n ly  th e  c y c l lz a -  
t lo n  and n o t th e  e l im ln s t io n  re a c tio n  T h is  would perhaps
suggest th a t  o n ly  th e  b i t t e r  may he con ce rte d . Another in te r p r e ta t io n  
o f th is  r e s u lt  is  th a t :he d if fe re n c e  may be no more than a d if fe re n c e  
In  th e  v ib r a t io n a l (o r o th e r)  energy con te n t o f  th e  in te rm e d ia te  
spec ies.
The balance o f  o p in io n  a t  th e  presen t tim e is  p ro ba b ly  th a t both 
n e t t  re a c tio n s  proceed th rough a common In te rm e d ia te , which is  proposed 
to  be a 1,4 -b i r a d ic a l , formed by th e  in tra m o le c u la r  a b s tra c t io n  o f 
the y-hydrogen by th e  e x c ite d  ca rb o n y l. The evidence concern ing  th is  
w i l l  be re fe rre d  to  In  th e  s e c tio n s  below , bu t f o r  convenience o f
d iscu ss io n  o f  mai., aspects o f  ketone photochem istry  re le v a n t to  th e  
presen t s tu d ie s  i t  w i l l  be accepted as a w ork ing  h yp o the s is . .
In  th e  s e c tio n s  th a t  fo llo w ,  th e re fo re , fa c to rs  r e la t in g  to  
fo rm a tio n  o f  these b ir a d ic a ls  and to  t h e i r  p ro p e rtie s  w i l l  be
1. Form ation o f  1 . f r -B ira d lc a ls
(a) R adical n a tu re  o f  th e  e x c ite d  carbony l group
The e x c ite d  carbony l may be compared to  an a lko xy  r a d ic a l ;
\  \  .
^6-------6 { m r * ) R * « ~ c -------6  (Alkoxy)
R ' '  Ry /
In terms o f  a s im p le  va lence bond p ic tu re  they a re  s im i la r  ^  and 
indeed they show s im ila r  s e le c t iv i t y  towards hydrogen a b s tra c t io n  
from  carbon-hydrogen bonds ^  ,54,55_ po r  examp ]6 i t r i p l e t  
benzophenone in  in te rm o le e u ls r  hydrogen a b s tra c t io n  re a c tio n s , 
d is p la y s  a s e le c t iv i t y  towards C-H bonds o f  d i f f e r e n t  s tre n g th s , 
s im ila r  to  th a t shown by 2 -m e th y 1 -2 -p ro p p y ra d ic a ls  A
s im i la r  c o r re la t io n  is  found fo r  th e  in tra m o le c u la r  hydrogen 
a b s tra c t io n  ra te  con sta nts  o f  th e  t r i p l e t  benzoyl group 1, 1 ’ 55_
Whatever th e  be s t re p re se n ta tio n  o f  th e  e x c ite d  carbony l a c tu a lly  is ,  
"the fa c t  th a t  th e  r a d ic a l- !  ik e  oxygen a b s tra c ts  hydrogen atom s, Is 
f i r m ly  e s ta b lI  shed.
(b) Nature o f  the a b s tra c te d  hydrogen atom
S rln lva san  f i r s t  showed th a t th e  y-hydrogen was ab s tra c te d
He s tu d ie d  th e  gas phase ph o tochem istry  o f  5 ,5 - d id eu te ro -2 -h e xa n o ie  
and o b ta in ed  de utera ted  acetone. He a ls o  ob ta in ed  some o rd in a ry  
acetone and proposed e ith e r  B-hydrogen a b s tr& i ion o r  hydrogen exchange
on th e  w a lls  o f  th e  re a c tio n  vessel to  account fo r  t h is .  Using DgO 
and 2-hexanone, he then proved exchange can ta ke  p la ce  end decided 
th a t i t  must be th e  Y-hydrogen th a t is  ab s tra c te d  . T h is  was fu r th e r  
sup,X)rted by Coulson and Yang who ared th e  ph o tochem istry  o f  
2-hexanone,5‘ deutero-2-hexanone anc •> -d ide ute ro -2-hexanone
They found deute ra ted  propene and cy d o b u ta n o l In a d d it io n  to  
deute ra ted  acetone from  th e  deuterohexanones. They a ls o  found th a t 
th e  quantum y ie ld  o f  the re a c tio n s  was dependent on Cue y - s u b s t i tu t io n ,  
decreas ing  from  5 ,5 -d id eu te ro -2 -h exa no ne  to  2-hexanone. They 
suggested th a t th e  d e u te ra t io n  increases th e  amount o f  t r i p l e t  s ta te  
fo rm a tio n , thus In c re a s in g  th e  quantum y ie ld  o f  re a c tio n  as the 
t r i p l e t  g ive s  a g re a te r  p ro p o rtio n  o f  products  r e la t iv e  to  decay, 
than th e  s in g le t .  Borkowski and Ausloos a lso  found th is  k ind  o f  
d if fe re n c e  r e s u lt in g  from  the presence o f  e ith e r  hydrogen o r  
deuterium  in  th e  y - p o s it lo n  In  a d d it io n  they found th a t th e
r a t io  o f  th e  y ie ld s  o f  products  formed by hydrogen and deuterium  
a b s tra c t io n , decreased w ith  in c re a s in g  te m pera ture . S ince the 
s tre n g th  o f  th e  C-H bond is  less  than th a t o f  the C-D bond, t h is  
suggests th a t as tem perature increases so th e  C-X bond s tre n g th  
becomes a less  Im portan t fa c to r .  However, s ince  tem perature a f fs e ts  
so many o th e r fa c to rs  (e .g . s in g le t  and t r i p l e t  s ta te  re a c tio n  ra te s  
o r  quantum y ie ld s ,  e t c . ) ,  th is  in te r p r e ta t io n  may no t be r e l ia b le .
The y -de u te rlu m  iso to pe  e f fe c t  mentioned by many au thors  ^ ,5 9 ,6 0 ,6 1 ,6 2  
must c e r ta in ly  In d ic a te  the invo lvem ent o f  y -hydrogens however.
*  A s im i la r  procedure (d e u te ra tio n  o f  the y -p o s lt io n )  a ls o  showed 
th a t i t  Is  from  th is  p o s it io n  th a t In tra m o le cu la r  a b s tra c t io n  
o ccu rs , In  th e  M cL a ffe rty  mass spe c trosco p ic  breakdown o f  ketones 
w ith  y-hydrogens
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Many s tu d ie s  have been made o f  th e  r e la t io n  between C-H 
bond s tre n g th , th e  ra te  o f  in tra m o le c u la r  hydrogen a b s tra c t io n  and 
th e  quantum y ie ld s  o f  re a c tio n  from  s in g ’ e t  and t r i p l e t  s ta te s .
The C-H bond d is s o c ia t io n  en erg ie s  decrease as th e  na tu re  o f  the  
yh yd ro g e n  v a r ie s  from  p rim ary  to  secondary to  t e r t ia r y .  (Benson 
quotes d is s o c ia t io n  en erg ie s  (D) fo r  th e  d i f f e r e n t  p r in c ip a l types 
o f  C-H bonds as fo llo w s : p r im ary  D — ^lOkJ mol ^ , secondary D =  395kJ
mol \  t e r t ia r y  D =  38 lkJ  mol '  ^ . )  Many groups, e .g .  B a r ltro p
Hammond Ausioos ^  and Yat.g and t h e i r  c o w rk e rs  have shown
th a t th e re  is  an increase in  th e  ra te  o f  a b s tra c t io n  as th e  type o f 
y-hydrogen Is  v a r ie d  by in c re a s in g  the  y - s u b s t i tu t to n  w ith  a lk y l 
groups. The same s e le c t iv i t y  towards y-hydrogens has been found In 
s tu d ie s  using a ry l a lk y l ketones lt0 ’ 50 and d lke to n ss  ^  and a ls o  In 
the  mass spectroscopy o f  ketones ^  (M cL a ffe r ty  breakdown).
In te rn a l co m p e titio n  us ing  a ketone w ith  d i f f e r e n t  types o f 
Y-hydrogens on th e  two s ides o f  th e  carbonyl has been s tu d ie d . In
a l iq u id  phase s tudy Wagner used 4-octanone w hich has a p rim ary
y-hydrogen (Type I I  re a c tio n  leads to  2-hexanone and ethene) and a 
secondary Y 'hydrogen ^  (Type I I  re a c tio n  leads to  2-pentanone and 
propene). On Is o la t in g  th e  k e to n lc  products  from  th e  p h o to ly s is ,  
w ith  and w ith o u t quencher, he found the  secondary to  p rim ary  a b s tra c ts  
r a t io  was 12:1 fo r  th e  s in g le t  and 17:1 fo r  th e  t r i p l e t  s ta te .
(T h is  low er s e le c t iv i t y  o f  the s in g le t  s ta te  has a ls o  been shown In  a
s im ila r  way by Padwa and Bergmark In regard to  s e le c t iv i t y  fo r
Y-hydrogen versus Y~deuterium  ^ . )
Ausioos used 4-m ethy l-2 -hexanone in  ethano l In  a s tudy o f 
tem perature e f fe c ts  on s e le c t iv i t y  He compared the o le f ln lc
products  (from  Type I I  re a c tio n )  and found th a t the r a t io  o f  2-butene 
(secondary y-hydrogen a b s tra c t io n )  to  1-bu tene (p rim a ry  Y-hydrogen
a b s tra c t io n )  was 16,2 a t 28°C and th a t th is  va lu e  decreased as th e  
tem perature increased . As w ith  th e  deuterium  s tu d ie s , th e  observed 
e f fe c t  suggests th a t th e  s tre n g th  o f  th e  yC-H bond becomes o f  less 
Im portance as th e  tem perature inc rea ses . As was m entioned b e fo re , 
w ith  tem perature a f fe c t in g  so many o th e r v a r ia b le s , th is  in te r p r e ta ­
t io n  Is  no t n e c e s s a r ily  c o r re c t.
One o f  th e  most comprehensive q u a n t i ta t iv e  s tu d ie s  showing the 
consequences o f  v a r ia t io n  In  th e  degree o f  s u b s t i tu t io n  o f  th e  y-ca rbo n , 
is  th a t  o f  Yang and coworkers They s tu d ied  2-pentanone, 2-hexanone
and 5-m ethyl-2 -hexanone In  hexane. They found th a t as th e  yC-H bond 
ge ts  weaker, th e  quantum y ie ld  o f  s in g le t  re a c tio n  (and s in g le t  
r a d ia t io n le s s  decay) inc rea ses . A t th e  same tim e  th e  quantum y ie ld s  
o f  in te rsys te m  c ro ss in g  and t r i p l e t  re a c tio n  de crea :^  -  a lth o u g h  the  
ra te  o f  In te rsys te m  c ro ss in g  does no t vary  much. However, th e  r e la t iv e  
decrease in  quantum y ie ld  f o r  In te rsys te m  c ro s s in g  ( r e f le c t in g  the  
amount o f  t r i p l e t  s ta te  fo rmed) is  g re a te r  than th e  correspond ing  
r e la t iv e  decrease In quantum y ie ld  fo r  t r i p l e t  re a c tio n  -  suggesting  
th a t th e  r e a c t iv i t y  o f  th e  t r i p l e t  a lso  Increases as th e  yC-H bond 
s tre n g th  decreases. (Such an e f fe c t  on t r i p l e t  s ta te  r e a c t iv i t y  has 
a ls o  been dem onstrated f o r  a ry l a lk y l ketone ^ ) .
As th e  typ e o f  yh yd ro g e n  in flu e n ce s  th e  quantum y ie ld  o f  re a c t io n , 
so does th e  number o f  ■y-hydrogeps. P i t t s  showed th is  by comparing the  
.re s u lts  o f  i r r a d ia t io n  o f  ( I )  4 -m e th y I-2-pentanone and 
( I I )  4 ,4 -d  I m ethyl-2 -pentanone He found th a t (11) had a g re a te r
*  3elow -100°C th e  tren d  was reve rsed. In th e  gas phase both the  
tem perature and the. w avelength a ffe c te d  th e  r a t i o ,  bu t In  s o lu t io n  
w h ile  the  tem perature e f fe c t  rem ained, th e  w avelength used had no 
s ig n i f ic a n t  e f fe c t .  In s o lu t io n ,  th e  so lv e n t had no e f fe c t  c i th e r .
quantum y ie ld  o f  re a c tio n  than ( i ) and th a t th e  r a t io  o f  th e  quantum 
y ie ld  o f  th e  Type I re a c tio n  (de term ined by th e  amount o f  carbon 
monoxide) to  th e  quantum y ie ld  o f  Type I I  re a c tio n  p ro du cts  was la rg e r 
fo r  ( i )  than ( I I ) .  Both r e s u lts  were a t t r ib u te d  t?  th e  number o f 
y-hydrogens be ing g re a te r  in  (11) than ( I ) .  T h is  e f fe c t  o f  number 
o f  y -hydrogens was fu r t h e r  shown by N ico i and C a lv e rt who s tu d ie d  the 
gas phase ph o tochem istry  o f  1 -p ro py l a lk y l ke tones, l-PrCOR, having 
Y-hydrogens on e ith e r  s id e  o f  th e  carbonyl W ith in  one ketone 
th e re  Is  a good c o r r e la t io n  between th e  number o f  y-hydrogens and 
th e  quantum y ie ld  o f  Type 11 re a c tio n  fo r  each s id e ch a in . In th e  
case o f  2-b u ty l 1-p ro p y l ketone (CH^CI^CI^COClUCH^CI^CHj "  one s e t 
( o f  th re e ) p rim ary  y-hydrogen on R ), th e  quantum y ie ld s  o f  Type ! I 
re a c tio n  fo r  each s ide cha in  a re  ap p ro x im a te ly  eq ua l, w h ile  fo r  th e  2-m e th y l- 
1-p ro p y | 1-p ro p y l ketone (CHgCHgCHgCOCH^CHfCH^CHg ‘  two se ts  (o f  th re e ) 
p rim ary  y-hydrogens cm R) th e  r a t io  Is  2 ,7 :1 . However, when comparing 
th e  to ta l  Type 11 quantum y ie ld s  th e re  is  no sim p le c o r r e la t io n  between 
then and th e  to ta l  number o f  yhyd ro g e n s  pre sen t In  th e  compound. For 
example a lth ou gh d l ( 1-p ro p y l)  ketone and 2-m e th y l-1-p ro p y l 1-p ro p y l 
ketone co n ta in  two and th re e  se ts  (o f  th re e ) y-hydrogens re s p e c t iv e ly  
and m ethyl and e th y l 1-p ro p y l ketones each co n ta in  one s v t (o f  th re e ) ,  
th e  Type I I  quantum y ie ld s  a re  about the same f o r  a l l  fo u r  ketones
I t  seems th e re fo re  th a t where In te rn a l comparisons can be made the 
e f fe c t  o f  number and typ e o f  y-hydrogen has been dem onstrated. However, 
comparisons o f quantum y ie ld s  from  d i f f e r e n t  ketones a re  com p lica ted  
by the  e f fe c ts  o f  s tru c tu re  on o th e r  e x c ite d  s fx te  processes, e .g . 
r a d la t lo n le s s  and r a d ia t iv e  ( In  the gas phase) decay, end I t  Is  no t 
p o s s ib le  to  use such comparisons fo r  the same purpose.
I t  has been found th a t th e  presence o f an oxygen atom in  th e  s id e ­
cha in (as in  c ra lkoxyke to ne s) r e s u lts  in  an Increase in  the quantum
y ie ld  o f  Type 11 re a c tio n  ^ *7 ® . T h is  may be due e ith e r  to  a 
reduced bond d is s o c ia t io n  energy o f  th e  yC-H bond ( th e  y -h yd ro ie n  
a b s tra c t io n  ra te  con s ta n t f o r  methoxyacetophenone is  230 tim es th a t 
fo r  butyrophenone **?) o r  to  e a s ie r  fo rm a tio n  o f  th e  slx-membered 
t r a n s i t io n  s ta te  o r  bo th . ft correspond ing  increase in  th e  quantum 
y ie ld  o f  oxe tano l fo rm a tio n  has been observed in  th e  case o f  a ry l 
a lk y l ketones ^  ( d ia lk y l ketones w ith  a -a lk o x y  groups do no t form  
o xe ta no ls
An increase In  th e  ra te  o f  y-hydrogen a b s tra c t io n  can a lso  be seen 
fo r  y-methoxy ketones O ther s u b s titu e n ts  o f. s im ila r  ch a ra c te r
(e .g . OH, NHg) on th e  y -carbo n Increase th e  r e a c t iv i t y  towards 
y-hydrogen a b s tra c t io n  w h ile  groups o f  o p p o s ite  ch a ra c te r  (e .g . C l, 
COOMe, CN) have th e  inve rse  e f fe c t  ^ . Wagner and Kemppainen have 
shown th a t th e  In d u c tiv e  e f fe c ts  on y-H  r e a c t iv i t y  n o tic e d  fo r  
s u b s titu e n ts  a t th e  y - p o s it io n ,  a ls o  appear weaker w ith  s u b s titu e n ts  
In  the 6 , e (sm a lle r  e f fe c t )  and w (sm a lle r  y e t )  p o s it io n s  ^ .
W ith s t r a ig h t  cha in  a lk y l  groups la rg e r  than C^, the y-hydrogen 
atoms a re  fo rm a lly  a l l  th e  same and one would no t expect any 
d iffe re n c e s  in  th e  quantum y ie ld  fo r  th e i r  a b s tra c t io n . As mentioned 
e a r l ie r  (see In tro d u c t io n , se c t io n  C 3 (b ))  bo th P i t t s  ^  and 
Wagner have found th is  to  be so In  a s e r ie s  o f  a ry l a lk y l
ketones. But G u il le t  and coworkers do f in d  a re g u la r  decrease in  
I he Type I I  quantum y ie ld  as th e  a lk y l group s iz e  Increases in  a 
s e r ie s  o f  d ia lk y l  ketones (see a ls o  In tro d u c t io n , s e c tio n s
D 2 ( c ) ,  ( . ) ) .
In some cases a hydrogen o th e r than a y-hydrogen can be a b s tra c te d . 
I t  u s u a lly  seems to  occu r e i th e r  when th e re  Is  no y-hydrogen a v a i la b le  
(e .g . unbranched B -a lkoxy ketones : Ph COCH^CH^OCH^) o r  another
s t r u c tu r a l p e c u l ia r i t y  o f  th e  m olecu le . T u rro  has shown by 
deuterium  la b e l l in g  th a t an a-hydrogen Is  a b s tra c te d  to  fo rm  an 
enol ^  In  th e  case o f  d lke ton es  A
number o f  au th o rs  have used (S-alkoxy ketones and found th a t some 
te tra h y d ro fu ra n s  ( 6-hydrogen a b s tra c t io n )  a re  formed 
6-Hydrogen a b s tra c t io n  in  6-methoxyvaierophenone has re c e n t ly  been 
shown by S igne r and coworkers There seems to  be some d isp u te
as to  th e  general im portance o f  6-hydrogen a b s tra c t io n  bu t the  
p o s s ib i l i t y  o f  I t s  occu rrence may be taken as proven. A b s tra c tio n  
a t even more remote s ite s  has been observed In th e  compounds shown 
below
o  0
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A l l  th e  fo re g o in g  r e s u lts  emphasize th e  s ig n if ic a n c e  o f  s te r lc  
a c c e s s ib i l i t y  o f  th e  hydrogen fo r  in tra m o le c u la r  a b s tra c t io n . I t  is  
c o n s is te n t w ith  t h is  th a t when a y-hydrogen is  he ld  In  p o s it io n  to  
f a c i l i t a t e  a b s tra c t io n , p h o to re a c t iv i ty  may be increased . Padwa and 
cow orkers have done much work In  t h is  f i e l d  and dem onstrated the
p o s s ib i l i t y  o f  prom oting c y c l lz a t lo n  o r  e l im in a t io n  in  th is  way (see 
In tro d u c t io n , se c t io n  D 2 ( c ) ) .  I t  appears, f o r  example, th a t 
s ig n i f ic a n t  amounts o f  c y c l lz a t lo n  may occu r from  th e  s in g le t  s ta te  
when th e  ste reochem ical s i tu a t io n  Is  p a r t ic u la r ly  fa vou ra b le
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2 . P ro p e rtie s  o f  1 ,fr -B ira tilca 1  s
The p o s tu la te  o f  th e  in te rm e d ia cy  o f  1 ,4 -b lra d lc a is  depends fo r  
i t s  success on I t s  a b i l i t y  to  account in  a u n if ie d  way fo r  a number 
o f  ketone p h o to re a c tio n  phenomena. Some o f  these phenomena a re  
discussed below in  a manner which emphasises th e  r e la t io n s h ip  o f 
these phenomena to  th e  presumed p ro p e rt ie s  o f  th e  1,4 - b l r a d ic a t . In
th e  h is to r ic a l  development o f  th e  b ir a d ic a l p o s tu la te , these phenomena 
have been regarded as ev idence f o r  th e  v a l i d i t y  o f  th e  p o s tu la te  .
(a) 1,4 -B lra d ic a ls  and doub le  bond m ig ra tio n s
Yang and cow orkers observed th a t  1~hepten-6-one on i r r a d ia t io n  
y ie ld e d  bo th  a cyc lob u ta no l and a cyclohexeno! In  a 4:1 r a t i o  ^  
(Scheme I I I ;  R -C H ^ ) .  Padwa o b ta in ed  analogous r e s u lts  w ith  th e  
re la te d  a ry  ketone (R ■=■ Ph) .
Scheme 111
*  The use o f 1 ,4 -b lra d ic a ls  In chem ical exp lan a tio ns  Is  f a i r l y  
common. For example, a 1,4 -b lra d ic a l Is  th e  g e n e ra lly  accepted 
In te rm e d ia te  In  the  p h o to c y c lo a d d it io n  o f  ketones to  o le f in s
The s im p le s t exp la n a tio n  o f  these ob se rva tion s  is  th a t a 1,4 -b ira d ic a l 
is  formed by y-hydrogen a b s tra c t io n  and th a t th e  ra d ic a l c e n tre  a t  the  
y -carbo n Is  con jugated tv?th th e  a d jace n t doub le bond. The re s u lt in g  
a l l y l l c  ra d ic a l can p a r t ic ip a te  In  c y c l iz a t lo n  a t e ith e r  te rm inu s , 
th e  one mode corresponding to  n e t t  m ig ra tio n  o f  the  o r ig in a l  double
T h is  re a c tio n  was s u b s ta n t ia lly  quenched by 1 ,3 -p en ta d ien e  bu t no t 
e n t i r e ly  and Yang end coworkers th e re fo re  concluded th a t  bo th 
s in g le t -  and t r ip le t - d e r iv e d  1 ,4 -b ira d ic a ls  p a r t ic ip a te d .
A l l y l i e  d e lo c a l is a t io n  may o f  course occu r in  con ce rt w ith  the  
y-hydrogen a b s tra c t io n  ( i . e .  occu r " in s ta n ta n e o u s ly " )  p ro v id ed the  
con fo rm atio n  o f  th e  a lke n y l cha in  is  a t  le a s t a p p ro x im a te ly  c o r re c t.
In  such c ircum stances y h y d ro g e n  a b s tra c t io n  should be f a c i l i t a t e d .  
Indeed th is  may be th e  reason fo r  th e  h ig h  quantum y ie ld  o f  c y c lo -  
bu tano l found in  th e  ph o to re a c tio n s  o f  a -d !ke to n e s  and afi- ^  
and Gy- ^  un sa tu ra ted  ketones.
(b) 1, fr -B ira d ic a ls  and ra c e m lz a tlm  a t th e  v -carbo n and
re la te d  phenomena 
i f  a 1,4 -b fra d ic a l is  formed from  a ketone w ith  an asym m etric 
carbon y to  the  carbonyl g roup , a c o n f ig u ra t io n a l change may occu r 
a t  th e  y s i t e  b e fo re  re a c tio n  o r  r a d ia t io n le s s  decay (th rough back 
do na tion  o f  th e  y-hydrogen (see in tro d u c t io n , s e c t io n  D 2 ( e ) ) ) -  Thus 
products  o r  recovered ketone may be found w hich show c o n f ig u ra t io n a l 
change a t th e  y s i t e .  The c o n fig u ra tio n a l change re q u ire s  In te rn a ! 
r o ta t io n  about th e  g-y  bond, so whether o r  no t c o n fig u ra tio n a l change 
Is  observed depends upon th e  ra te  o f  th is  r o ta t io n  r e la t iv e  to  
re a c tio n  and ra d ia t io n le s s  decay. There has been con s ide ra b le  
experim en ta l and th e o re t ic a l in te r e s t  in  these phenomena and the 
in te rp re ta t io n s  a re  as y e t incom plete .
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Yang has shown th a t In  th e  p h o to ly s is  o f  S - (+ )-5 -m e th y l-2 -  
heptanone, th e  R-Isomer o f  .the s ta r t in g  ketone forms Z|®. Quenching 
s tu d ie s  showed, however, th a t th e  R-Isomer formed o n ly  from  th e  
t r i p l e t  s ta te . C on s is ten t w ith  th is  ob se rva tio n  is  the f in d in g  th a t 
S - (+ ) - l|-m e th y i-1-pheny1- l-h e xa n o n e , a ketone w hich rea cts  
p re dom inan tly  from  th e  t r i p l e t  s ta te ,  undergoes e x te n s ive  photo- 
race m izs tlo n  ^  * .
Stephenson ob ta in ed s l i g h t l y  d i f f e r e n t  f in d in g s  from  a s tudy o f 
th e  Type 11 o le f l n l c  p roducts o f  p h o to ly s is  o f  e ry th ro -  and ''.hreo- 
3» 4 -d im e thy i-6 -ke tohe p tan oa te  (Scheme IV)
Scheme IV
R = C 02 CH3
The e ry th ro  e s te r  gave a c i s : tra n s  r a t io  o f  90:1 fo r  th e  s in g le t -  
de rive d  products ( ) 0% o f  re . ic t lo n )  and 1:1 fo r  th e  t r ip le t - d e r iv e d  
p ro du c ts . L ike w ise  th e  th re o  e s te r  gave a c is : tra n s  r a t io  o f  1:90 
fo r  th e  s in g le t-d e r iv e d  products  (15$ o f  re a c tio n )  and 1 :1 ,5  fo r  the 
t r ip le t - d e r iv e d  p ro du c ts . Gano made a more lim ite d  s tudy o f  th e  
p h o to ly s is  o f  e ry th ro -  and th re o - I , 2-d Im e th y !b u ty l a ce ta te  and noted 
th a t no race m lza tlon  o f  the recovered e s te r  could be detected
6 I t  Is  In te re s t in g  to  no te  th a t t h is  ketone has quantum y ie ld s  o f  
0,26 fo r  products  and 0,78 fo r  photo race m iza tion  in  benzene w h ile  
In  a p o la r  s o lv e n t (2 -m e th y !-2 -p ro p a n o l) th ey  a re  1,00 and 0,00 
re s p e c tiv e ly  ^ T h i s  suggests th a t re a c tio n  and race m lza tlon  
come from  a common 1,4 - b l r a d lc a l .
Very re c e n t ly ,  Casey and Boggs have re p o rte d  s tu d ie s  o f  th e  s te re o ­
che m istry  o f  th e  Type I I  o le f i n i c  products  from  a s im p le  ketone 
Using e ry th ro -  and th re o -S -deute ro -A -m e thv i-Z -hexanone . th e y  found 
90 to  351 s te re o s e le c t iv i ty  o f  o le f in  fo rm a tio n  from  th e  s in g le t  
s ta te  and a much le s s e r s te re o s e le c t iv i ty  from  th e  t r i p l e t  s ta te .
The h ig h  s te re o s e le c t iv i ty  o f  s in g le t  re a c tio n s  Is fu r th e r  
ev id e n t when th e  p h o to ly s is  o f  a cyciobutanone Is  con s ide re d . In 
c o n tra s t to  o th e r cyc loa lkan on es , T u rro  found th a t p h o to ly s is  o f  c ls ~ 
and t r a n s - 2 - e th y i- 3-rnethoxycvclobutanones was unquenched by l , 3 - dtenes 
and was not accompanied by ph o to e p im e riza tio n  The Im p lic a t io n  is
th a t s te rc o s p e c if ic  re a c tio n  from  a s in g le t  s t ' t e  occu rs , a lth ou gh  th e  
p o s s ib i l i t y  o f  an un usu a lly  re a c t iv e  t r i p l e t  s ta te  which evades 
quenching canno t be d iscoun ted .
Stephenson has d iscussed th e  p o s s ib le  o r ig in  o f  th e  d i f f e r e n t  
behaviour o f  th e  s in g le t -  and t r ip le t - d e r iv e d  b ira d ic a ls  In  a number 
o f  pu b lish ed works I n i t i a l l y ,  to  e xp la in  th e  h ig h  s te re o ­
s e le c t iv i t y  asso c ia te d  w ith  th e  s in g le t  s ta te , he cons ide red the 
p o s s ib i l i t y  th a t  re a c tio n  m ight occu r v ia  a reve rsa l o f  th e  "e n e " 
re a c tio n  ^  (which Is  com p le te ly  s te re o s p e c lf1 c  ^ ) .  However, on 
th e  ba s is  o f  an argument In v o lv in g  s te r lc  e f fe c t s ,  t h is  p o s s ib i l i t y  
was d iscoun ted In  fa vou r o f  a s in g le t  bI r a d ic a l In te rm e d ia te .
Stephenson a lso  drew a t te n t io n  to  th e  In te re s t in g  comparisons th a t may 
be made w ith  the re s u lts  o f  th e  p y ro ly s is  o f  cyc lobutane d e r iv a t iv e s . 
P y ro ly s is  takes p lace o n ly  from  the s in g le t  s ta te  o f  cou rse , and
1 ,4 -b f ra d rc a is  have fre q u e n t ly  been p o s tu la te d  as In te rm ed ia te s . For 
example, F e it  has de scrib ed the p y ro ly s is  o f  c l s - 1 ,2- rt lm e th y lc y c lo -  
bu tanol (Scheme V) a t  38l°C  in  w hich he found th a t th e  thermal decomposi­
t io n  gave products  s im ila r  to  those from  th e  photochem ical re a c tio n  
o f  2-hexanone
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The c ls - t ra n s  is o m e r iz a t io n  s tro n g ly  suggests a b t ra d ic a ] in te rm e d ia te . 
T h is  is  supported by th e  r e s u lts  o f  B a r t le t t  and P o r te r 1s s tudy o f  the 
azo compound shown in  Scheme VI T turm ai and d i r e c t  p h o to ly t ic
decom position ( v ia  s in g le t  s ta te )  o f  one ste reo isom er (d l o r  meso) o f  
t h is  azo compound gave products  showing a few pe rcen t lo ss  o f  con­
f ig u r a t io n ,  bu t lo ss  o f  c o n f ig u ra t io n  was more e x te n s ive  (35-40%) In 
th e  p h o to se n s itiso d  decom position ( v ia  th e  t r i p l e t  s ta te ) .
Scheme VI
IOC- V
P > ,c , y=<=-s o f cyc lobutanes on th e  o th e r hand g e n e ra lly  show 
s te re o s e le c t iv i ty  .
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The general con c lus io n  from  a l l  th e  s tu d ie s  de scrib ed above Is 
o b v io u s ly  th a t bond r o ta t io n  is  probab ly  always c o m p e titiv e  w ith  
re a c tio n  In  t r i p l e t  1,4 -b lra d ic a ls  and may a lso  be in  th e  ease o f  
s in g le t  1,4 -b l ra d ic a ls .  to re  d e ta ile d  conc lus ions a re  a r r iv e d  a t 
w ith  d i f f i c u l t y  as Stephenson and h is  coworkers have c le a r ly  shown 
The ba s ic  d i f f i c u l t y  perce ived by Stephenson and Brauman was th a t a 
thermochemical a n a ly s is  o f  th e  cyc lobutane p y ro ly s is  da ta Im p lies  
th a t  th e re  appears to  be an energy b a r r ie r  o f  some 25 to  33kJ mol 5 
f o r  c lo s u re  o r  cleavage o f  s in g le t  1 ,4 -b lra d ic a ls  In tu rn  th is
Im p lies  a ro ta t io n a l b a r r ie r  in  such b ir a d ic a ls  o f  42kJ mol * ,  a t  
le a s t in  t e r t ia r y  b ira d ic a l systems. However, a p p l ic a t io n  o f  such a 
r o ta t io n a l b a r r ie r  to  th e  t r i p l e t  b lra d ic a l g ives r is e  to  th e  deduction 
o f  an unreasonab ly long t r i p l e t  l i f e t im e .  T h e ir  I n i t i a l  response to  
t h is  dilemma invo lved  c o n s id e ra tio n  o f  th e  PE diagram  shown In
The s o l id  curve Is  a re a c tio n  co o rd in a te  diagram  a p p ro p r ia te  to  the  
th e rm a lly  e q u i l ib ra te d  s in g le t  1,4 -b lra d ic a l tra n s fo rm in g  e i th e r  in to  
cyc lobutane o r  d e f in e s .  An energy b a r r ie r  e x is ts  fo r  e i th e r  o f  these 
processes, ren de rin g  them slow  r e la t iv e  to  bond r o ta t io n .  I f  
v ib r a t io n a l1y " h o t "  I ,4 - b l r a d lc a ls  a re  generated, however (as in  
B a r t le t t 's  Stephenson's and Yang's work th ey  may have 
energ ies such th a t reg ions o f  energy space correspond ing  to  energ ised 
p ro du cts  a re  r e a d i ly  a c c e s s ib le . T he rm a lly  e q u iH b ra te d  pro du c ts  may
thus be formed- s te re o s e le c t iv e ly  i f  v ib r a t io n a l d e a c t iv a t io n  competes 
e f f e c t iv e ly  w ith  bond r o ta t io n ,  which was considered l i k e l y .
The do tte d  curve  rep re sen ts  th e  corresponding t r i p l e t  1.S -b ira d ic a l 
s i tu a t io n .  I t  Is  s tro n g ly  re p u ls iv e  in  bo th d ir e c t io n s  and, p rovided 
v ib r a t io n a l d e a c t iv a t io n  is  fa s t  r e la t iv e  to  sp in  In v e rs io n , th e  t r i p l e t  
b lra d tc a l w i l l  In v a r ia b ly  re la x  in to  th e  energy minimum. A la c k  o f 
s te re o s e le c t iv i ty  s im i la r  to  th a t o f  v ib r a t io n a l ly  e q u i l ib ra te d  
s in g le t  1 ,4 -b ira d ic a ls  Is  th us  expected.
An a l te r n a t iv e  re s o lu t io n  o f  th e  dilemma Is  o f fe re d  by Stephenson 
and Gibson in  a la te r  paper In the  pre v io us  argum ent, th e re  Is
an Im p l ic i t  assum ption th a t th e  bond r o ta t io n  b a r r ie rs  o f  th e  s in g le t  
and t r i p l e t  b ir a d ic a ls  a re  equal o r  s im i la r .  However, from  m o lecu lar 
o r b it a l  c a lc u la t io n s  th ey  de te rm ine th a t th e  s in g le t  b lra d ic a l most 
l i k e l y  has a g re a ts r  b a r r ie r  to  bond r o ta t io n  than th e  t r i p l e t  b l r a d ic a l . 
The problem thus appears to  be reso lve d  s in ce  th e  I n i t ia l  assumption o f 
Stephenson and Brauman (which led  to  t h is  problem ) may be fa ls e .
Casey and Boggs In  a rece nt c o n tr ib u t io n  on th e  same problem 
tend to  fa vou r th e  e a r l ie r  view s o f  B a r t le t t  and P o rte r ,  advanced 
in  connection  w ith  th e i r  azo compound s tu d ie s  B a r t le t t  and
P o rte r  proposed th a t  the  t r i p l e t  b lra d ic a l has a lon ge r l i f e t im e  than 
th e  s in g le t  b lra d ic a l s in ce  i t  must undergo sp in  In v e rs io n  back to
'■ W W ^S W 'F '^C 8'-
th e  s in g le t  s ta te ,  p r io r  to  fo rm a tio n  o f  ground s ta te  p ro du c ts . Loss 
o f  s te re o ch e m is try  Is  due to  th e  g re a te r  chances o f  r o ta t io n  in  the  
lon ge r l iv e d  t r i p l e t  b I rad lea I .
T h is  was d isco un ted  by Stephenson p a r t ly  because he cou ld  no t 
re c o n c ile  th e  n o ta b ly  d i f f e r in g  s te re o s e le c t iv i t ie s  o f  th e  s in g le t
I , 4 - b i r a d lc a l , de rive d  from  d i f f e r e n t  typ es o f  re a c tio n s  Casey
and Boggs c la im  th a t t h is  r e c o n c i l ia t io n  ts  no problem because the  
ra te s  o f  r o ta t io n  o f  s in g le t  1,4 -b lra d lc a ls  va ry  w ith  t h e i r  s tru c tu re  
They quote an e s tim a te  o f  Bergman and C arte r th a t th e  ra te  o f  ro ta t io n  
about a secondary ra d ic a l ce n tre  is  an o rd e r o f  m agnitude g re a te r  than 
th e  ro ta t io n  about a t e r t ia r y  (more ponderous) ra d ic a l c e n tre  
V a lid  comparisons o f s in g le t  1,4 -b lra d ic a ls  can o n ly  be made th e re fo re , 
when they have s im i la r  s tru c tu re s . A con s id e ra b le  body o f  In fo rm a tio n  
is  then s u c c e s s fu lly  c o r re la te d  by reco gn is in g  th is .
The con c lus io n  as regards s in g le t  1 ,4 -b lra d lc a l behav iou r would 
appear to  be u n ce rta in  a t t h is  s tage though the  s im p l ic i t y  o f  Casey and 
Boggs1 e xp la n a tio n  is  a p p e a lin g . F u rth e r c r i t i c a l  experim en ta l da ta 
w i l l  be needed to  c la r i f y  th e  s i tu a t io n .  However, i t  does appear 
g e n e ra lly  v a l id  to  c la im  th a t g re a te r  s te re o s e le c t iv i ty  is  e x h ib ite d  
In  s in g le t  1 ,4 -b fra d lc a i re a c tio n s  than In  t r i p l e t  1 , 4 -b lra d ic a l 
re a c tio n s . T h is  does no t n e c e s s a r ily  Im ply however, ; t  h igh 
s te re o s e le c t iv i ty  im p lic a te s  a s in g le t  1,4 - b i r a d lc a l . T u rro , fo i 
example, has rep o rted  th a t  I r r a d ia t io n  o f  the  o p t ic a l ly  a c t iv e  d ike ton e  
S- (+ )-4 - in e th y ]-1 -p h e n y !- i , 2-heptand lone re su lte d  In  no photoracem lza tion  
in  th e  recovered ketone d e s p ite  re a c tio n  o c c u rr in g  la rg e ly  from  th e
*  The amount o f  re te n t io n  o f o p t ic a l a c t iv i t y  in  the  recovered c y c lo -  
butanone was no t known However, In  a la te r  rev iew , Wagner
rep o rted  th a t t h is  d I ketone produces a cyclobutanone m ix tu re  w ith
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t r i p l e t  s ta te  P o ss ib ly  th e  a d d it io n a l he te ro  atom pre sen t in  th is
system e xe rts  a sp e c ia l e f f e c t ,  e .g . s te reochem ical c o n tro l through 
b r id g in g
(c ) S te r lc  e f fe c ts  on re a c tio n s  o f  1,4 -b lra d ic a ls
1,4 -S i r a d ic a ls  a re  embodied in  an exp la n a tio n  o f  th e  e f fe c ts  o f  
a-m ethyl s u b s titu e n ts  on alkanone ph o tr .le m is tr* ', observed by N ico l 
and C a lv e rt ^ , The e x p la n a tio n , due to  Lew is, fo llo w ed  h is  own work 
on a ry l a lk y l ketones He used PhCOR where R con ta in ed va rio u s
numbers o f  a ,  g o r y  m ethyl s u b s t itu e n ts .  In tra m o le cu la r  hydrogen 
a b s tra c t io n  leads to  a 1,4 -b ira d ic a l which adopts d i f f e r e n t  conforma­
t io n s  f o r  c y c l iz a t lo n  and fo r  e l im in a t io n .  The t r a n s i t io n  s ta te  fo r  
c y c l iz a t io n  re q u ire s  th e  o v e r la p  o f  th e  ra d ic a l c e n tre  o r b it s ls  
(Scheme VI i ) ,  and o -s u b s titu e n ts  cause th is  s ta te  to  be more fa vou ra b le  
s in c e  1 ,2 -e c lIp s ln g  In te ra c t io n s  are avo ided in  th is  mode o f  re a c tio n . 
T h is  e x p la in s  th e  increase In  th e  quantum y ie ld  o f  cyc io b u ta n o l and 
Scheme VI I
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decrease in  th e  quantum y ie ld  fo r  Type I I  e l im in a t io n  caused by 
in c re a s in g  the number o f  a-m ethyl groups from  none to  two (in c re a se  
in  the r e la t iv e  amounts o f  cyc lob u ta no l fo rm a tio n  from  10% to  291 
to  89I  re s p e c t iv e ly  fo r  a s e r ie s  o f  bu tyrophenones), Lewis has 
a ls o  argued th a t the most favoured t r a n s i t io n  s ta te  fo r  e lim in a t io n  
re q u ire s  maximum o v e r la p  o f  bo th s in g ly  occupied o r b it a ls  w ith  those 
o f  tn e  bond undergoing cleavage. 0-M ethyl s u b s t itu e n ts ,  by avo id in g  
1,3~eci ip s in g  in te r a c t io n s ,  should favou r t h is ,  as indeed was found to  
be th e  case, a lth ou gh th e  e f fe c t  was sm a lle r than th a t caused by 
a-m ethyl s u b s titu e n ts . There was a corresponding decrease (s m a lle r 
e f fe c t  than fo r  th e  a-m ethy l s u b s titu e n ts )  In  th e  quantum y ie ld  o f  
c y c lo b u ta n o l. Lewis a ls o  found th e  e f fe c t  o f  y m e th y l s u b s titu e n ts  
was n e g l ig ib le  a p a r t from  th e  e f fe c t  on th e  y-hydrogcns a lre a d y  
d iscussed . I f  g e o m e tr ic a lly  Isom eric  cyc lo b u ta n o ls  cou ld  be formed, 
a marked pre fe ren ce  fo r  fo rm a tio n  o f  th e  tra n s  isomer was seen
Wagner and coworkers have re c e n t ly  reported  s im ila r  r e s u lts  from  
an ex te n s ive  s tudy o f  a number o f  phenyl ketones 95 i 96 (w h ich  a re  
b e lieve d  to  re a c t e x c lu s iv e ly  from  th e  t r i p l e t  s ta te ) .  They a ls o  note 
th e  pre fe ren ce  f o r  fo rm a tio n  o f  tra n s -c y c lo b u ta n o ls  and suggest th a t 
th e  com parative m agnitude o f  deve lop ing  non-bonding in te ra c t io n s  In 
th e  t r a n s i t io n  s ta te  fo r  c y c l iz a t io n  may e xp la in  t h is .  Somewhat 
unexpevted ly th ey  f i n *  th a t  In c re a s in g  •y -a lky l group s iz e , increases 
th e  r e la t iv e  amount o f  c l s - cyc lob u ta no l so th a t  th e  c is / t r a n s  r a t io  
approaches u n ity .  The au th o rs  th in k  th e  o n ly  p o s s ib le  In te rp re ta t io n  
Is  th a t the  ra te  o f  C^-G^ bond ro ta t io n  in  th e  b ira d ic d l is  comparable 
to  th e  ra te s  o f  chem ical re a c tio n  o f  th e  b i r a d lc a l .  A s im i la r  in te r ­
p re ts *  'on is  g Iv „n  to  th e  o b s e rv a tio n  th a t th e  c ls / t r a n s  r a t io  
in c  In  go ing from  benzsne to  2 -m e th y l-2 -p rop an o l to  wet
a c e to n l t r i le  as s o lv e n t, s o lv a t io n  o f  the  hydroxyl group o f  the  b ira d ic a l
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is lng  increased b u lk  o f  th e  l a t t e r  (see In tro d u c t io n , se c t io n  E2).
OH OH OH
These f in d in g s  are com p a tib le  w ith  Bergman’ s views about th e  
r e la t iv e  ra te s  o f  r o ta t io n  In  ra d ic a ls  o f  d i f f e r e n t  s tr u c tu r e  which 
were mentioned in  th e  In tro d u c t io n , se c t io n  02(b) 92. I t  Is  suggested 
th a t th e  1,4 -b lra d ic a ls  a re  formed I n i t i a l l y  (by y-hydrogen 
a b s t r a c t io n ) ,  w ith  equal p r o b a b i l it y  in  con fo rm ations a p p ro p r ia te  to  
fo rm a tio n  o f  e ls -  and tra n s -c y c lo b u ta n o l. Then th e  . '. i- ie r  ra te  o f  
ro ta t io n  o f  th e  more b u !k i? y  s u b s t itu te d  (o r  s o iv a te c )  W -a d ica l 
would indeed g iv e  r is e  to  a le sse r preponderance o f  t ra n s -  ove r c is -  
cyc lob u ta no ! p ro du c t.
The d if fe re n c e  between th e  p re fe r re d  b ( ra d ic a l con fo rm ations fo r  
e l im in a t io n  and c y c l iz a t lo n  a lso  fe a tu re s  in  Wagner's in te rp re ­
ta t io n  o f  some r e s u lts  o f  Padwa ^ . Padwa found th a t phenyl c y c lo b u ty l 
ketone gave a low er quantum y ie ld  o f  photoproducts than valerophenone 
but th a t th e re  was 60% c y c l iz a t lo n  to  a h ig h ly  s tra in e d  b icyc lo pe n ta ne  
system and o n ly  40% e l im in a t io n  to  the s t r a in  fre e  a c y c l ic  system 
(Scheme V I I I ) .  Thus product s t a b i l i t i e s  do no t govern th e  p re fe rre d  
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re a c tio n  bu t the r e la t iv e  en erg ie s re q u ire d  to  reach the necessary 
t r a n s i t io n  s ta te  con fo rm a tio ns  may ^ . The predominant fo rm a tio n  o f  
a c y c lo b u ta n d  from  1-adamantyl acetone was exp la in ed by T u rro  In  an 
analogous fa s h io n  ^  * .
There a re  two o th e r r e s u lts  th a t deserve m ention s in c e  the 
e xp la n a tio n  o f  them may w e ll re s id e  in  a s te r ic  e f fe c t  in  th e  b i r a d ic a l . 
One Is  th a t  ir r a d ia t io n  o f  c Is - 2 - (1-p rop y  1 ) - 4 - (2 -m e th y l••2 -p ro p y l) -c y c lo -  
hexanone leads to  Type I I  re a c tio n  whereas th e  tra n s  isomer o n ly  forms 
th e  c is  isom er (presumably in  a s h o rt-te rm  i r r a d ia t io n .1) .  A 
s te re o -e le c tro n ic  e f fe c t  appears to  be o p e ra tiv e  as In  .he e ls  isomer 
i t  is  e a s ie r  to  o b ta in  a six-membered r in g  t r a n s i t io n  s ta te  s in c e  the 
y-hyd rogen may be he ld  In  th e  p lane o f  the carbonyl g roup , an d /o r the 
8-bond is  p o s itio n e d  fo r  e l im in a t io n .  O th e rs , using th e  same 
cydohexanone, have shown th is  e f fe c t  to  be m an ifested  by bo th s in g le t  
and t r i p l e t  s ta te s  ^ . The second re s u lt  re la te s  to  th e  photochem istry  
o f  a -cyc loa lkoxyacetophenones (Scheme IX) The quantum y ie ld  o f
Scheme IX
n= 2 to 7
*  However, Sauers and coworkers have suggested th a t In  b l c y d lc  
ke tones, th e  d i f f i c u l t y  o f  In tro d u c in g  a doub le bond in  a 
s tra in e d  b rid g e  fwad p o s it io n  may account fo r  predom inant c y c lo -  
bu tanol fo rm a tio n
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acetophenone (from  Type I I  re a c tio n )  remains about con s ta n t as n Increases 
from  3 to  7 d e s p ite  th e  in c re a s in g  s t a b i l i t y  o f  th e  cyc loa lkanone 
(th e  o th e r  Type I I  re a c tio n  pro du c t) in  th is  s e r ie s . , the
quantum y ie ld  o f  c y c i iz a t io n  ( to  oxasp irane) decreases ar n ge ts . 
g re a te r  even though th e  reve rse  m ight he expected in  ,lew  o f  the 
la rg e  amount o f  r in g  s t r a in  p re sen t in  the  oxa sp iran e  when n is  sm a ll. 
Again a s te r lc  e f fe c t  e xp la n a tio n  may be invoked : in c re a s in g  the  
c y c lo a ik y l r in g  s iz e  may inc rea se  i t s  s te r lc  in te ra c t io n s  w ith  the  
phenyl and hydroxy) groups In  th e  1,4 - b l r a d ic a l .
(d ) 1,4 -B I r a d ic a ls  and sp in  m ult I p i le i  t y  e f fe c ts  on product
fo rm a tio n
Two groups o f  In v e s t ig a to rs  have t r ie d  to  id e n t i f y  th e  i n i t i a l  
s ta te  In  w hich photop roducts  form  and hence make deductions about 
th e  e x is te n ce  and na tu re  o f  th e  1,4 -b ira d ic a l in te rm e d ia te  1£^ .  In 
bo th in v e s t ig a t io n s  3 ,4 -d I phenylbutyrophenone (PhCOCHgCH(Ph)CH^Ph) which 
should produce c is -  and t r a n s - s t i ib e n e  from  th e  Type I I  re a c t io n , was 
used. Both in v e s t ig a to rs  showed by means o f  quenching s tu d ie s  th a t 
o n ly  the  t r i p l e t  was in vo lve d . In p r in c ip le ,  th e re  a re  th re e  p o s s ib le  
rou tes from  th e  t r i p l e t  re a c ta n t lo r  assumed t r ip le t - d e r iv e d
1 ,4 - b l r a d ic a l) to  fo rm  p ro du cts  In  th e  ground s ta te :
( 1) v ia  th e  e x c ite d  s in g le t  products  to  th e  ground s ta te  
o f  th e  produces 
( I I )  v ia  th e  t r i p l e t  e x c ite d  products  tc  th e  ground s ta te  
products
( I I I )  s t r a ig h t  to  th e  ground s ta te  o f  th e  products  .
I t  was cons ide red on ihermochemtcat grounds th a t the f i r s t  a l te r n a t iv e  
was u n l ik e ly  bu t th a t th e  s 111 bene m ight be formed in  th e  t r i p l e t  s ta te  
as the  t r i p l e t  e x c ita t io n  energy o f  th e  s t i lb e n e  is  less  than th a t o f  
bo th th e  enol o f  acetophenone ( th e  o th e r e l im in a t io n  product) and the
Ml__
s ta r t in g  ketone . In t r i p l e t  s t i lb e n e ,  ro ta t io n  rb o u t th e  C-C 
bond can occu r and th e  t r a n s : c ls  r a t io  should be 41:59 (from  Hammond1 
work on th e  p ro p o rtio n  o f  tra n s -  and c ls -s tU b e n e  from  decay o f 
t r i p l e t  s t i lb e n e  C aldw ell and F ink  who found th e  r a t io  to  be
4 0 :1 . decided th a t  most p ro ba b ly  th e re  Is  no In te rv e n t io n  o f  s t i lb e n e  
t r i p l e t s  ■°^a . Wagner and Kelso found th a t th e  r a t io  was 65:1 ' 0^b 
(subsequently  Wagner and coworkers rep o rted  th e  I n i t i a l  r a t io  to  be 
70:1 and showed th a t th e  r a t io  dropped a t  h ig h e r con vers ion s o f  
th e  3 »4-dlphenylbu tyrophenone due to  th e  s e n s it iz e d  is o m e r iza tio n  o f  
th e  I n i t i a l l y  formed tra n s - s t l lb e n e .  ( In  C aldw ell and F in k 's  
experim ent h ig h e r convers ions were Indeed o b ta in e d .)  Now th e  Type I 
e l im in a t io n  o f  3 ,4 -d iph en y lb utyro ph en on e is  estim a ted to  be ju s t  
exo therm ic  enough to  produce tra n s -  and e s p e c ia lly  t w is te d - t r ip le t  
s t i lb e n e  ^  **. T h e re fo re , these r e s u lts  showed th a t l i t t l e
o r  no concerted  re a c tio n  o f  the t r i p l e t  ketone occu rs  and presumably
*  Both au th o rs  comment on the low quantum y ie ld  and s h o r t l i f e t im e  
o f  th e  t r i p l e t  o f  t h is  ketone (quantum y ie ld :  0,11 (benzene), 
0 ,19  (2 -m e th y l-2 -p ro p a n o l) ,  re c ip ro c a l o f  l i f e t im e :  2,1 nsec 1) ,  
compared to  butyrophenone (0 ,3 6 , 0 ,8 5 , 0,008 nsec  ^ re s p e c t iv e ly  
B-Phenylbutyrophenone showed s im ila r  e f fe c ts  end a number o f  
o th e r  a u th o rs  have shown th e  low  photochem ical r e a c t iv i t y  o f  com 
pounds w ith  g-phenyl groups ^  Such p e c u l ia r i t ie s  must be 
borne in  mind in  In te rp re t in g  s tu d ie s  o f  these compounds.
* *  The c a lc u la t io n s  o f  Hoffman and coworkers showed no a c t iv a t io n  
energy b a r r ie r  to  Type I I  c leavage o f  1,4 -b I r a d ic a ls  ^ 1a w h ile  
the thermochemical a n a ly s is  o f  Benson and O'Neal g ive s  an 
a c t iv a t io n  energy b a r r ie r  o f  about 28 U  mol ^
104
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th e  In te rm ed ia cy  o f  th e  1 ,4 -b tra d ic a l is  th e reb y  im p lic a te d . I t  
would then be reasonab le to  propose, in  a d d it io n , th a t sp in  
c o r r e la t io n  in  th e  1 , t | - b lr a d ic a l Is  so weak (a t le a s t In  these p a r t ic u la r  
c ircum stances) th a t s in g le t - t r i p le t  d is t in c t io n s  a re  p r a c t ic a l ly  non­
e x is te n t .  T h e re fo re , I t  appears th a t  the  1,^ -b ira d lc a l then generates 
i t s  p ro du c ts  in  th e i r  e le c t r o n ic  ground s ta te s  on fra g m e n ta tio n , th e  
e x o th e rm lc ity  o f  go ing  to  th e  ground s ta te  iro le cu le s  p o s s ib ly  p ro v id in g  
th e  d r iv in g  fo rc e  f o r  fra g m e n ta tio n .
(e ) 1 r a d ic a ls  and rw d ia tlo n le s s  decay
On th e  ba s is  o f  a v a r ie ty  o f  evidence, ra d la t io n le s s  decay from  
both th e  s l'n g ld t  and t r i p l e t  s ta te  is  though t to  occu r by back- 
d o na tion  o f  th e  y-hyd rogen from  th e  hydroxy group o f  th e  b lra d ic a l to  
th e  y -carbo n ra d ic a l : i t e  28>®®>^7> po r  example. In  experim ents 
u s in g  deute ra ted  a lc o l.o ls  as s o lv e n ts , sm all amounts o f  ketone were 
recovered m ith  a deuterium  atom a t th e  y-carbon s i t e  -  presum ably o c c u rr in g  
th rough hydrogen-deuterlum  exchange between th e  so lv e n t and the 
hyd roxy l group o f  the 1,4 - b l r a d ic a ! , fo llo w e d  by back d o na tion  9 9 ^ °® . 
Another l in e  o f  evidence Is  prov ided by F e l t 's  re p o r t th a t  thermal 
decom position o f  1 ,2 -d lm e th y !cyc lo b u ta n o l g ive s  some Z-hexanone and
3-m ethy l-2 -pentanone (see in tro d u c t io n , se c t io n  0 2 (b ) ) .
Yang has shown from  measurements o f  In te rsys te m  c ro s s in g  y ie ld s  
th a t ,  c o n tra ry  to  some e a r l ie r  views 35,53,109^ t.|ie  s in g le t  s ta te  In 
some cases may be re sp o n s ib le  fo r  fa r  more ra d la t io n le s s  decay than 
th e  t r i p l e t .  In  fa c t  v a r io u s  a u th o r^  r e s u lts  w ith  2-pentanone show 
th e  r a t io  o f  ra d la t io n le s s  d e ca y :re a c t ion Is  11 to  14:1 fo r  the 
s in g le t  and about 1:1 fo r  the t r i p l e t  s ta te  However, i t
must be po in te d  o u t th a t th e  above c a lc u la t io n  Is  based on th e  
assum ption th a t product fo rm a tio n  and ra d la t io n le s s  decay a re  the 
o n ly  two s ig n i f ic a n t  fa te s  o f  these e x c ite d  s ta te s .
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The reason i'o r  th is  d if fe re n c e  !n  behaviour o f  th e  s in g le t-d e r iv e d  
and t r ip le t - d e r iv e d  1,4 -b ira d ic a i presumably l ie s  w ith  a t le a s t some 
o f  th e  same fa c to rs  th a t a f fe c t  th e  com parative s te re o s e le c t iv i t y  o f  
th e i r  re a c tio n s  (see In tro d u c t io n , se c t io n  0 2 (b ) ) .  For example, I f  
Stephenson's c a lc u la t io n s  a re  c o r re c t and a low er r a te  o f  In te rn a l 
ro ta t io n  Is  c h a r a c te r is t ic  o f  th e  s in g le t-d e r iv e d  b ira d lc a l then
I t  w /H  remain fo r  a longe r pe rio d  on average, In  the  con fo rm a tio n  In  
which i t  was i n i t i a l l y  generated, That con fo rm ation  Is  presumably 
Idea l fo r  th e  ba ck-do na tlon  o f  the  y-hydrogen and th e re fo re  ra d ia t io n -  
le s s  decay Is  f a c i l i t a t e d  in  the  s in g le t  b i r a d lc a l .
I t  is  apparent th a t th e  na tu re  o f  th e  -y-hydrogen a f fe c ts  th e  
ease o f  in tra m o le c u la r  a b s tra c t io n  and th e re fo re  th e  p ro p o rtio n  o f 
s in g le t  s ta te  m olecu les which undergo t h is  a b s tra c t io n  In  com p e titio n  
w ith  In te rsys te m  c ro s s in g . Hence th e  to ta l quantum y ie ld  o f  re a c tio n  
w i l l  va ry  w ith  th e  n a tu re  o f  th e  y-hydrogen to  a la rg e  e x te n t because 
o f  th e  d i f f e r in g  e f f ic ie n c ie s  o f  ra d la t io n le s s  decay In  th e  two
S te r lc  h indrance to  r o ta t io n  In  a 1,4 -b lra d lc a t as e cause o f  
Increased e f f ic ie n c y  o f  r a d la t io n le s s  decay, has been advocated by 
Golemba and G ull l e t  ^  (see In tro d u c t io n , se c t io n  C 3 (b )) , to  e x p la in  
the decreas ing  quantum y ie ld  o f  p h o to re a c tio n  w ith  Increased a lk y l 
cha in  le n g th  In a lkanones. They th e o ris e  th a t r o ta t io n  away from
th e  con fo rm ation  In  w hich th e  b ira d lc a l is  i n i t i a l l y  fo rm ed, is 
In c re a s in g ly  h indered by inc re a s in g  th e  a lk y l cha in  le n g th .
E The Role o f  th e  S o lven t In  Some Ketone P hoto rea c tion s
1. Hydrogen T ra n s fe r  from S o lven t and Other M olccules
Hydrogen tr a n s fe r  from  so lve n t Is  an Im portan t re a c tio n  in  regard 
to  th e  fa te  o f  th e  r a d ic a ls  from Type 1 p h o to d is s o c ia tio n  and th e -
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e x c ite d  s ta te  o f  th e  ketone I t s e l f .  In th is  se c tio n  both these 
processes w i l l  be b r ie f ly  reviewed.
I t  has been known fo r  a long tim e  (Bamford and N o rr ls h  th a t 
th e  r a d ic a ls  from  Type I f is s io n  a b s tra c t hydrogen from  the  s o lv e n t. 
These au th o rs  showed th is  by Id e n t i fy in g  th e  products  from  .so lvent 
ra d ic a l d Is p ro p o r t lo n a t Io n . H a rtle y  and G u ll l e t  subsequently have 
proposed th a t th e  s o lv e n t ra d ic a l combines w ith  a second Type 1 
ra d ic a l o r  an othe r s o lv e n t ra d ic a l ^ (Scheme X ). In a la te r  paper 
Golemba and G u ll l e t  con firm ed th e  l a t t e r  bu t s u r p r is in g ly  d ls p ro p o r -  
t io n a t lo n  was no t cons ide red ^ .
Scheme X
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In  bo th  o f  S o il l e t ' s  pape rs , he re p o rts  f in d in g  no R-R 
However, many au th o rs  re p o r t f in d in g  products  o f  Type I ra d ic a l 
com b ination . Presumably the  r e la t iv e  s t a b i l i t y  o f  R« and S* in flu e n c e  
th e  outcome. T h is  p o in t was examined b r ie f ly  In th e  presen t work.
I t  has a lso  been shown th a t th e  r a d ic a ls  from  Type I f is s io n  
ra y  a b s tra c t hydrogen from  th e  pa ren t ketone. For example, Ausloos 
and Paulson used a gaseous 1:1 m ix tu re  o f  ace tone and de utera ted  
acetone (CD^COCD^) and produced among o th e r  compounds some CD^H and 
CHgD *5 , t . e ,  suggesting th a t hydrogen was a b s tra c te d  from  th e  ketone 
I t s e l f .  More re c e n t ly ,  In  a s tudy o f  the  gas phase p h o to ly s is  o f
2 ,2 ,4 ,4 ,- te tra d e u te ro -3 -p e n ta n o n e , Bar to  and Gordon showed th a t 
hydrogen (o r deuterium ) was a b s tra c te d  from  both th e  o o r  g
The s ig n if ic a n c e  o f  cage e f fe c ts  in  regard  to  hydrogen a b s tra c t io n  
by ra d ic a ls  from  Type I f is s io n  in  th e  l iq u id  phase, has been shown 
by CocWera and covrorkers. These au thors  have nade a CIDNP s tu dy  o f  
th e  hydrogen a b s tra c t io n  by 2-m e th y l-2-p ro p y i ra d ic a ls  produced from 
d l ( 2-m e th y l-2-p ro p y l) ketone in  pe rfluo ro cyc loh exan e  s o lu t io n  1^1.
They proposed th e  d e ta ile d  scheme, shown In  Scheme X I.
Scheme XI
(C H jljC C O C lC H ^  - K .  [ICHglgCCO- "C IP H g)^—  ! (C iy 3C C H O »C H =C py2l c
I i
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Numerous s tu d ie s  o f  hydrogen atom a b s tra c t io n  from  s o lv e n ts  (HX) 
by th e  e x c ite d  s ta te s  o$ carbonyl compounds have been made (e .g .
W a llin g  and G lb ian ^ ) .  Such s tu d ie s  have led  to  th e  con c lus io n  th a t 
t h is  re a c tio n  is  f a c i l i t a t e d  by:
t .  H igh e le c tro n  d e n s ity  a t th e  hydrogen atom a b s tia c te v
2. Low H-X bond s tre n g th
3. H igh s t a b i l I t y  o f  X
Thus a lco h o ls  have th e  hydrogen from th e  a lc o h o lic  carbon a b s trac ted  
by th e  oxygen atom o f  th e  e x c ite d  carbonyl as in  Scheme X I I .
Scheme X I1
R2CO . 'R 2CHOH J u c —  RjCOH t 'R 260M --------   etc.
Vagner has s tu d ie d  th e  re d u c tio n  o f  ace tone by hexane and 
o f  acetone ^  and 2-hexanone by t r l b u t y : ctannane {( l-B u )^ S n H ).
He showed th a t  in  a1 i these experim ents o n ly  re d u c tio n  o f  th e  t r i p l e t  
s ta te  o ccu rre d . S im ila r  conc lus io ns  have been reached '.•rith regard 
to  th e  p h o to red uc tio n  o f  many o th e r ketones In c lu d in g  2-pentanone by 
hexane Thus th e  t r i p l e t  s ta te  o f  alkanones Is  s u f f ic ie n t ly
re a c t iv e  towards In te rm o le c u la r  hydrogen a b s tra c t io n  fo r  th is  re a c tio n  
to  be co m p e tit iv e  w ith  ra d ia t io n le s s  decay.
E . s . r .  spe ctiosco py has been used to  e s ta b lis h  th e  na tu re  o f  the 
In te rm e d ia te  ra d ic a l which r e s u lts  when th e  e x c ite d  carbony l compound 
a b s tra c ts  a hydrogen atom from  th e  s o lv e n t. In  th is  way, fo r  example, 
Yashlda has Id e n t i f ie d  th e  fo rm a tio n  o f  PhgCOH in  the p h o to red uc tio n  
o f  benzophenone by ethano l In an othe r experim ent us ing  e . s . r . ,
th e  re d u c tio n  o f  2 ,3 -bu ta nd lo ne  (g iv in g  a CH^,C0C(0H)CH^ r a d ic a l)  was 
fo llo w e d , and I t  was shown th a t re d u c tio n  c o u i j  r e s u lt  In  e f f i c ie n t  
t r i p l e t  quenching ^
A number o f  w orkers have sought to  de te rm ine th e  Fate o f  the 
so lv e n t ra d ic a l de rive d  from  hydrogen a b s tra c t io n  by th e  e x c ite d  
carbonyl compound. In one o f  th e  e a r l ie r  in v e s tig a tio n s  o f  th is  
typ e , Yang Ir ra d ia te d  acetone and cycfohexane and found the r e s u lt  
shown In  Scheme XI11 
Scheme X I I I
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Or.e o f  th e  most ex te n s ive  product s tu d ie s , . Is  th a t  o f  Lew is.
He has observed the photo red uc t Jon o f  4 number o f  a -s u b s t ltu te d  a ry l 
a lk y !  ketones in  2M -2-propanol/benzene s o lv e n t ^  (Scheme XIV) 
and h is  f in d in g s  a re  summarised below.
Scheme XIV
r"COR B ^E B T 1 m,V m
\OH" *  OH
(a) PhCHR ( b ) ( P h C - )  (c) (CH I C=C
R i 2
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(The pfnaco? (b) was ob ta in e d  as a mJxt-ure o f  d ,  1 and d l fo rm s .)
0 ) =‘ + *a  ( *  ™ <iuan'.un y ie ld )
(11) * a , a I n i t i a l  |z p j (2P =  2 -p ro p a n o l)
( i l i )  the ra te  con s ta n t fo r  hydrogen a b s tra c t io n  by th e  t r i p l e t  
e x c ite d  ketone decreases as R Increases in  s iz e  
O v ) 4c decrease as R increases in  s iz e
(v ) * b Is  con s ta n t ovs r a range o f  va lues fo r  £zpj
From ( I I I )  and ( iv )  he concludes th a t th e re  Is  a s te r lc  e f fe c t  o f 
a -s u b s t i tu te n ts  (as has been seen in  ground s ta te  re a c tio n s  
on hydrogen a b s tra c t io n  from  s o lve n ts  by e x c ite d  ca ib on y l compounds. 
When R «== C(CH^)^ o n ly  a -c lea vag e occurs a lth ou gh  a l l  fo u r  ketones, 
s tu d ie d  e x h ib it  e s s e n t ia l ly  id e n t ic a l C h a ra c te r is t ic  mr em ission 
sp e c tra . A lso  th e re  is  no corresponding inc rea se In  th e  ra te  
con s ta n t fo r  t r i p l e t  decay (from  S tern-Vo lm er p lo ts ) ,  I . e .  the 
decrease In  re a e x iv J ty  does no t r e s u lt  from  a shortened t r i p l e t  l l f e -
*  ,  ’t e r  y r  V
between th e  p o la r  s o lv e n ts  and th e  OH group o f  th e  b t ra d ic a ’ re ta rd ed  
th e  re tu rn  o f  th e  /-hyd ro ge n  to  th e  C atom from  which i t  was
Using s o lu t io n s  o f  a number o f  a ry l a lk y l ketones in  benzene (or 
a lka ne s) to  which in c re a s in g  p ro p o rtio n s  o f  a p o la r  s o lv e n t (2-m e th y l- 
2 -p ro p a n o l) were added, Wagner showed th a t  in  some cases th e  to ta l  
quantum y ie ld  o f  re a c tio n  cou ld  be increased to  near u n ity .  For 
o th e rs , however, i t  le v e l le d  o f f  a t  a maximum va lu e  somewhat le s s  than 
t h is  The e f fe c t iv e n e s s  o f  the d i f f e r e n t  s o lve n ts  used
( p y r id in e , 2 -m e th y )-2-p ro p d n o l, te tra h y d ro fu ra n , e th y l a c e ta te , d ib u ty l 
e th e r ,  b u t y r o n i t r i ie ,  i-e hJo rob u ta ne  35»117^ p a ra l le le d  th e i r  
b a s ic i t y  ra th e r  than th e i r  d ie le c t r ic  con s ta n t o r  d ip o le  moment,
P o ia r  e f fe c ts  on quantum y ie ld s ,  though less  d ra m a tic , have a ls o  
been observed fo r  a ikanones. For example, a tw o - fo ld  inc rea se o f  th e  
t o ta l  re a c tio n  quantum y ie ld  (based on ketone d isappearance) fo r
*  In  the  case o f  js-m ethoxyvalerophenone, in c re a s in g  th e  p ro p o rtio n  
o f  p o la r  s o lv e n t mixed w ith  th e  benzene caused f i r s t  an Increase 
and then a decrease  in  quantum y ie ld s  T h is  was a t t r ib u te d
to  a change in  c h a ra c te r  o f ' th e  low est e x c ite d  s ta te  from  
p re dom inan tly  n?r* to  p re do m in an tly  uir*.
a b s tra c te d  35,53 the ra d ia t io n ie s s  decay mechanism p re v io u s ly




-  AS -
2-pentanone has been recorded In  go ing from  benzene to  2 - jn e th y I-2 -  
propanol A s im i la r  inc rea se was observed by Wagner fo r
4-octanone ^  and 2*hexanone ^  in  go ing from  hexane to  2-m e th y l- 2-  
p ropano l. I t  has a lso  been shown th a t  th e  s e le c t iv i t y  ^  and 
quantum y ie ld  0 f  th e  t r f p ie t  s ta te  o f  ketones both
increase w i th  inc re a s in g  p o la r i t y .
As th e  ketone i t s e l f  is  a p o la r  m o lecu le , any increase In  th e  
ketone co n c e n tra t io n  should a f re e t  th e  p o la r i t y  o f  th e  medium and 
hence have some e f fe c t  on th e  quantum y ie ld  o f  re a c tio n . E l l i o t t  
found th a t an Increase In  2-pentanone c o n c e n tra t io n  a c tu a lly  decreased 
th e  quantum y ie ld  o f  re a c tio n , th e re  be ing a corresponding inc rea se In 
the  amount o f  r a d ta t lo n le s s  decay Yang and coworkers observed
a s im ila r  e f fe c t  w ith  acetone and showed th a t an e x c ite d  and an 
un exc ite d  ketone m olecu le may fo rm  an e x c ip le x  In  t h is  case, and 
th a t th is  p ro v id es  an a d d it io n a l path o f  ra d ia t io n le s s  decay 
However, Vagner found th a t in c re a s in g  the  co n c e n tra t io n  o f  most a ry l 
a lk y l ke tones, Increased th e  quantum y ie ld  o f  re a c tio n  T h is  is
presumably due to  th e  ketom. a c t in g  as a Lewis base (h in d e r in g  the  
y-hydrogen re tu rn  -  as do p o la r  s o lv e n ts ) . Due to  t l . i s  e f fe c t  any 
quantum y ie ld  d e te rm in a tio n s  should be e x tra p o la te d  to  ze ro  ketone 
co n c e n tra t io n  fo r  purposes o f  com parison.
B a r lt ro p  and Coyle have found th a t p o la r i t y  does no t a f fe c t  th e  
e l Im in a tlo n /c y c ' iz a t lo n  r a t io  much in  a s e r ie s  o f  a ry l a lk y l ketones ^  
(ac tu a l f ig u re s  a re  quoted o n ly  fo r  d ry  CH^CN anti benzene, however).
W ith s im i la r  ketones, Wagner however, has noted in  many cases th a t 
th e  p ro p o rtio n  o f  c yc l iz a t lo n  drops when s o lv e n t p o la r i t y  Is  Increased 
(due to  a decrease in  cy c l Iz a t lo n  ra te )  by changing 
from  benzene to  2 -m e th y l-2-propanol o r  wet CHjCN 35.75>96_ ( t
appear as i f  the e f fe c t  is  small In a r y l a lk y !  kstones and th a t  i t  
is  d e te c ta b le  o n ly  by com paring th e  most p o la r  w i th  th e  le a s t po la r 
so lv e n ts . More pronounced e f fe c ts  have been rep o rted  v l t h  s im p le  
alkanones ^  (2-pentanone, 2-octanone and 5-m e th y l-2 -he xan one ). The 
s in g le t  quantum y ie ld s  o f  bo th e y c l iz a t io n  and e l im in a t io n  were 
u n a ffec ted  by so lv e n t p o la r i t y  changes bu t th e  t r i p l e t  quantum 
y ie ld s  were, The quantum y ie ld s  o f  bo th  re a c tio n s  increased w ith  
in c re a s in g  p o la r i t y ,  th a t  o f  e l im in a t io n  inc re a s in g  r e la t iv e ly  more.
Wagner and coworkers have found fu rth e rm o re  th a t  w ith  th e  a ry l 
a lk y l ketones they used (ab ove ), th e  t r a n s /c is  r a t io  o f  th e  c y c lo -  
bu ta no ls  formed decreased (tow ards u n ity )  w ith  Increased so lv e n t 
p o la r i t y  They e x p la in  a l l  these phenomena by suggesting th a t
s o lv a t io n :
( I )  preven ts  th e  y-hyd rogen re tu rn  in  th e  t r ip le t - d e r iv e d  
b I rad lea  I , thus in c re a s in g  th e  to ta l  quantum y ie ld  o f  
t r i p l e t  re a c tio n
( f t )  increases th e  b u lk  o f  th e  hyd roxy l group so th a t c y c l iz a t lo n  
Is  h indered and the  s te r ic  d if fe re n c e  between th e  e ls -  and 
tro n s -c y c lI z a t lo n  t r a n s i t io n  s ta te s  Is  d im in ishe d .
The behav iou r o f  y -  and 6-a lkoxyva lerophenone in  d i f f e r e n t  s o lve n ts  ^  
p ro v id es  su p p o rtive  ev idence fo r  th e  f e a s i b i l i t y  o f  such an 
e x p la n a tio n .
F in a lly  a t te n t io n  must be drawn to  a rem arkable so lv e n t p o la r i t y  
e f fe c t  on th e  competing pathways o f  ph o to re a c tio n  o f  te tra m e th y l-  
oxetanone ^  (Scheme XV o v e r ) .
r ^ - * ^ > = C = 0  + ^ > = 0
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The two re a c tio n s  both occur from  th e  e x c ite d  s in g le t  s ta te  bu t 
i'e a c tlo n  A Is  enhanced a t the expense o f  th e  re a c tio n  B in  th e  more 
p o la r  s o lv e n ts  (a lco h o ls  versus hyd roca rbons). Wagner and coworkers 
suspect th is  ob se rva tio n  may be re la te d  to  th e  s o lv e n t e f fe c ts  on 
com peting a lko xy  ra d ic a l re a c tio n s  noted e a r l ie r  by W a llin g  and 
Wagner. These aur.hars c o n s id e r  th a t p o la r  s o lv e n ts  p r e fe r e n t ia l  ly  
low er th e  energy o f  the t r a n s i t io n  s ta te  fo r  a lko xy  ra d ic a l fragm enta­
t io n  as opposed to  th a t  fo r  hydrogen atom a b s tra c t io n  from  s u b s tra te  
m olecules A s im ila r  e f fe c t  m ight be expected upon the
com p e titio n  between e lim in a t io n  and c y c l iz a t io n  o f  1,4 -b ira d ic a ls  in 
ketone photoch em is try  and indeed th e  Increase in  th e  p ro p o rtio n  o f  
e l im in a t io n  w ith  respect to  th e  c y c lIz a t io n  w ith  in c re a s in g  p o la r i t y ,  
w hich was noted above 25,64,75,96^ may be a re la te d  phenomenon.
3. S o lven t V is c o s ity  E ffe c ts
E f fc  * o f  medium v is c o s ity  on photochem ical events o f  in te re s t 
to  the presen t work have o n ly  buen s p o ra d ic a lly  rep o rte d  123,124,125,126^ 
There a re  well-docum ented examples r e la t in g  to  b lm o le cu la r re a c tio n s  
( in c lu d in g  energy t r a n s fe r )  o f  e x c ite d  s ta te s  where v is c o s i ty  e f fe c ts  
on th e  d i f f u s io n  o f  the m olecu les occu rs . However, th e  o n ly  
b lm o le cu la r re a c tio n  In  th e  present work is  photo red uc tio n  by hydrogen
. ; -  48 -
j , a b s tra c t io n  from  so lv e n t w hich o f  course does not In vo lve  d if f u s io n
j  by e i th e r  spec ies.
j ‘ R eports o f  v is c o s i ty  effecC s on un lm o lecu la r events In v o lv in g
j ketones r e la te  p r im a r ily  to  the  Type I re a c tio n . The e f fe c ts  are
V  expected to  be comparable to  those observed in  o th e r homo 1 y t I c
\ d is s o c ia t io n s . Other e f fe c ts  have been s tu d ie d  so l i t t l e  th a t I t
' is  necessary to  con s ide r th e  ph o tochem istry  o f  compounds o th e r  than
ketones to  ga in  an im pression o f  th e i r  p o s s ib le  s ig n if ic a n c e , 
i I (a ) In flu e n ce  o f  th e  so lv e n t on d if f u s lo n :s o lv e n t  cage
i I
! 1 As mentioned above th is  p r im a r ily  concerns Type I re a c tio n s .
; So lven t cage e f fe c ts  were f i r s t  n o tic e d  In  1934 I t  Is  c u r r e n t ly
• b e lie ve d  th a t th e y  can be estim a ted by s u ita b le  in te r p r e ta t io n  o f
; ' r e s u lts  from  experim ents w ith  scavengers and th a t th e i r  magnitude is
; re la te d  to  so lv e n t v is c o s i ty .  Much work has been done on cage
: e f fe c ts  w ith  compounds th a t  e a s i ly  produce ra d ic a ls ,  th e rm a lly  o r
i ph o toch e m ica lly , e .g . azo compounds and p e re s te rs  12®. However, com-
I ; p a ra t iv e ly  l i t t l e  work has been done on the cage e f fe c t  w i th  resp ec t
; • to  the p h o to ly s is  o f  ketones. The quantum y ie ld s  o f  Type I re a c tio n
H i  p ro d u c ts , and In  a more In d ir e c t  way Type I I  and '■ycl Iz a t io n  products
may w e ll be a ffe c te d  by th e  magnitude o f  the cage e f fe c t  and hence be 
v is c o s ity  dependent.
As r a d ic a l- ra d ic a l re c c M in a tlo n s  are fa s t  enough to  compete w ith  
d i f f u s io n ,  bu t th e  d i f f u s io n  ra te  depends on v is c o s i ty ,  a lower ra te  
o f  p ro du c t fo rm a tio n  from  hom olysis o f  -.ii I n i t ia t o r  m ight be expected 
fo r  h ig h  v is c o s i t ie s  o f  th e  medium. P ryor and Smith have argued, 
however, th a t th e re  need not always be an in te r re la t io n s h ip  between the 
ra te  o f  product fo rm a tio n  and medium v is c o s i ty  When a ra d ic a l
p a ir  Is  formed by f is s io n  o f  a s in g le  bond in  th e  I n i t ia t o r ,  th e  cage
■JvSfarA
e f fe c t  couses reg en era tio n  o f  th e  s ta r t in g  m a te r ia l.  In such cases, 
th e re fo re , s o lve n ts  w hich Increase th e  cage e f fe c t ,  reduce the 
o v e ra l l  r a te  o f  p ro du c t fo rm a tio n . However, I n i t ia t o r s  undergoing 
concerted  f ls lo n  o f  two bonds (o r  a stepw ise  f is s io n  In w hich the  
second bond breaks ve ry  r a p id ly )  fo rm ing a ra d ic a l p a ir  and a s ta b le  
( In te rv e n in g ) m o le ^ le ,  a re  no t regenerated by th e  cage e f fe c t  and 
so lv e n ts  w i l l  have no e f fe c t  on th e  ra te  o f  p ro du c t fo rm a tio n . A few 
s tu d ie s  o f  the r e la t io n  between Type I re a c tio n  quantum y ie ld s  and 
so lv e n t v is c o s ity  have been re p o rte d , In  which d l f f '  -In g  hydrocarbon 
so lv e n ts  were used. ! r  these H a rtle y  and G u ll l e t  showed th a t
th e re  is  l i t t l e  e f fe c t  y on Type I quantum y ie ld s  fo r
hydrocarbon s o lu tio n s  o f  1% u / le n e -ca rb o n  monoxide copolym er ^  
and l in e a r  sym m etrica l alkanones Subsequently, however, Goiemba
and G u il le t  have shown a s ig n i f ic a n t  re d u c tio n  o f  Type I quantum 
y ie ld s  w ith  in c re a s in g  v is c o s i ty  in  th e  case o f  long cha in  2-a lkanones 
a t tem peratures below 120°C Above 120° no v is c o s i ty  e f fe c t  was 
observed. In  a l l  these s tu d ie s , G u il le t  and coworkers found th a t 
th e  Typ- I quantum y ie ld  was m arked ly increased by In c re a s in g  
te m pera ture .
G u ll l e t  and cow orke rs , In a n o the r paper, have invoked th e  cage 
e f fe c t  to  e xp la in  th e ir  o b se rva tio n  th a t the  s m a lle r  s id e ch a in  o f  a 
ketone may be cleaved o f f  In a Typo I ( ra d ic a l)  re a c tio n  In  s o lu t io n , 
In  p re fe ren ce  to  a la rg e  s ide ch a in  They suggest th a t  th e
surrou nd ing  cage may a llo w  the s m a lle r  ra d ic a l to  escape more e a s i ly  
a f t e r  d is s o c ia t io n  . There may be a connection  here w ith  the
*  They a lso  suggest th a t th e  cage recom b ina tion  o f  Type I fragm ents 
may p ro v id e  a mechanism fo r  ra d ia t lo n le s s  decay o f  ketones in  
s o lu t Io n .
d i f f e r e n t  v is c o s ity  dependences o f  Type I quantum y ie ld s  observed in  
th e i r  w ork using d i f f e r e n t  types o f ketones.
The t o t a l i t y  o f  these r e s u lts  seems to  be most eco no m ica lly  
accommodated by reg a rd in g  th e  Type I re a c tio n  as a two s te p  one 
w here in th e  second s te p  occu rs  a t a ra te  th a t depends on the na tu re  
o f  the a c y l ra d ic a l (and th e  a lk y l ra d ic a l formed by d e c a rb o n y la tlo n  -  
Scheme X V I) , and th e  tem pera ture .
Scheme X'' i
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There may a lso  be a s p in  m u l t i p l i c i t y  e f fe c t .  Thus, in  a two s te p  
decom position mechanism, i f  th e  recom b ina tion  o f  the f i r s t  p a ir  o f  
ra d ic a ls  Is  re ta rd ed  because th sy  have th e  same s p in s , then th e ir  
p a ir  l i fe t im e s  may be such th a t e ith e r  they w i l l  always be a b le  to  
d i f f u s e  p a r t  (whatever th e  so lv e n t v is c o s i ty )  o r  th e  second bond w i l l  
always break be fo re  reco m b ina tion  o f  th e  f i r s t  p a ir  can o ccu r. T h is  
may be a fa c to r  o p e ra tiv e  In  th e  t r i p l e t  photodecarbonyl a t  Ion o f  
d lb en zy l ketone ^
(b) I n f i uonce o f  th e  so lv e n t on in te rn a l m otions 
A nm b er o f  s c a tte re d  re p o r t*  o f  v is c o s ity  e f fe c ts  on photo­
chemical events hava re c e n t ly  been c o r ro la fe d  and reviewed by 
S a l t ie l  and D 'A g os tin o  T h e ir  own work concerned v is c o s ity
e f fe c ts  on the f luo resce nce  and p h o to is o m s r iz a tio - o f  stM benes -  a 
phenomenon a lso  e x te n s iv e ly  s tu d ied  by F is c h e r, Muszkat and 
coworkers ,2J|.
"S.
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A t low s o lv e n t v ls o o s i t le s  no e f fe c t  is  observed bu t as th e  
v is c o s i ty  Is  p ro g re s s iv e !/  Increased, an e f fe c t  de ve lo ps: the
quantum y ie ld  o f  f luo resce nce  increases and th a t o f  Iso m e riza tio n  
(by In te rn a ] ro ta t io n )  decreases. S a l t ie l  and D 'A g ostln o  suggest 
th a t i f  so lv e n t m o b il i ty  Is  fa s t ( lo w -v is c o s lty )  r e la t iv e  to  the ra te  
o f  the In te rn a l r o ta t io n  then no " In te r fe re n c e ’ 1 by th e  so lv e n t is  
d e te c ta b le  I f ,  however, th e  ra te  o f  so lv e n t re la x a t io n  is  cone
pa rab le  to  o r  less  than th a t  o f  th e  In te rn a l r o ta t io n ,  then the 
r o ta t io n  becomes a co o p e ra tive  event and an a c t iv a t io n  energy g re a te r  
than th e  I n t r in s ic  va lue  Is  observed. In these c ircum stances a 
v is c o s i ty  dependence a r is e s .
O ther re p o rts  o f  v is c o s i ty  e f fe c ts  on f luo resce nce  quantum 
y ie ld s  have a ls o  appeared M ith  one exce ptio n  th e  e f fe c ts  cou ld
be a t t r ib u te d  to  the. v is c o s i ty  In flu e n c e  on th e  ra te  o f  a c o m p e titiv e  
ra d la t io n le s s  decay process which In vo lved  some change o f  m o lecu la r 
geom etry by bond r o ta t io n ,  e t c . * .
The s itu a t io n  w ith  regard  to  t r i p l e t  s ta te  phenomena Is  less  
c le a r .  The g re a te r  l i f e t im e  o f  th is  s ta te  has led  S a l t ie l  and 
D 'A g os tln o  to  suggest th a t th e  few v is c o s i ty  e f fe c ts  rep o rted  may no t 
be k in e t ic  phenomena bu t e q u il i b r ’ um ones They suggest th a t
In  v iscou s  media th e re  may be a pre fe ren ce  fo r  con fo rm ations o f  
minimum volume and th a t t h is  may be th e  u n d e r ly in g  e xp la n a tio n  o f  
those phenomena.
An a lte r n a t iv e  a n a ly s is  o f  the e f fe c t  o f  v is c o s i ty  on the  
c o m p e titio n  between fluo resce nce  and p h o to lso m e rlza tlo n  o f  s tl lb e n e s
*  The one exce ptio n  In vo lved  c o m p e titio n  w ith  In te rsystem  
c ro ss in g  to  an e x c ite d  t r i p l e t  (T^) s ta te .
to  increased p r o b a b i l it y  o f  th a t y-hydrogen a b s tra c t io n  which leads 
u l t im a te ly  to  fo rm a tio n  o f  th e  h ig h e r energy a lke ne . In le s s  v iscous
m edia, con fo rm a tio na l e q u i l ib r a t io n  Is  com p ara tive !’ ep ld  and so 
th e  low er energy a lke ne  is  p r e fe r e n t ia l ly  formed v ia  th e  t r a n s i t io n  
s ta te  o f  low est energy. S im ila r  e f fe c ts  had been rep o rte d  by 
Borkowsk1 and Ausloos much e a r l ie r  in  th e i r  s tu dy  o f  th e  p h o to ly s is  o f  
2 -b u ty l a c e ta te  ^ . However, th e  e f fe c ts  a t t r ib u te d  to  v is c o s i ty  
v a ria n ce  were induced by tem pera ture  va ria n ce  o f  th e  re a c tio n  system 
(down to  "1 95 °) and t h e i r  In te r p re ta t io n  a t  th e  tim e was thereby 
rendered ra th e r less  c e r ta in .
No w ork on th e  r e la t io n  between the  e f f ic ie n c y  o f  c yc lob u ta no l 
fo rm a tio n  and medium v is c o s i ty  seems to  have been re p o rte d . How­
eve r, G u ll l e t  and coworkers rep o rte d  a b r ie f  s tu dy  o f  th e  r e la t io n  
o f  the  quantum e f f ic ie n c y  o f  th e  Type I I  re a c tio n  o f  a v a r ie t y  o f  
ketones to  v is c o s i ty  o f  the  so lv e n t . They found no v is c o s i ty  
e f fe c t  and ve ry  l i t t l e  tem perature e f f e c t .
F Alms o f  the P resent Experim ental Work
The p r in c ip a l a im  o f  th e  pre sen t work was to  s tu dy e f fe c ts  o f  
so lve n t v a r ia t io n  on th e  r e la t iv e  p ro p o rtio n  o f  Type 11 ph o to e lim in a ­
t io n  and c y c lIz a t io n .  As a lre a d y  shown, th e re  is  a c e r ta in  amount 
known about the  com paraiIve e f fe c ts  o f  hydrocarbon and a lco h o l so lve n ts  
(see in tro d u c t io n , s e c t io n  E2)» and th e  o b je c t o f  th is  work was to  
t r y  and expand understand ing  o f  these e f fe c ts  by s tu d y in g  a w ide r 
range o f  these s o lv e n ts . In a d d it io n ,  so lv e n t v is c o s i ty  e f fe c ts  had 
been l i t t l e  in ve s tig a te d  and seemed to  be o f  p o te n t ia l in te r e s t .
I t  was d i f f i c u l t  to  p re d ic t  th e  n e tt  e f fe c t s  on th e  e lim in a t io n  
and e y e ! iz a t io n  re a c tio n s , In  view  o f  th e  many ra te  processes which 
In flu e n ce  th e  quantum y ie ld  o f  these re a c tio n s  (e .g . n o tic e  o f  e x c ite d
to  Increased p r o b a b i l it y  o f  th a t yh yd ro g e n  a b s tra c t io n  which leads 
u lt im a te ly  to  fo rm a tio n  o f  the h ig h e r energy a lke ne . In le ss  v iscous
m edia, con fo rm a tio na l e q u i l ib r a t io n  Is  com parative ly  ap ld and so 
th e  lower energy a lke ne  Is  p r e fe r e n t ia l ly  formed v ia  th e  t r a n s i t io n  
s ta te  o f  low est energy. S im ila r  e f fe c ts  had been rep o rted  by 
Borkowsk1 and Ausloos much e a r l ie r  In  t h e i r  s tudy o f  th e  p h o to ly s is  o f
2 -b u ty l a ce ta te  However, th e  e f fe c ts  a t t r ib u te d  to  v is c o s ity
va ria n ce  were Induced by tem pera ture  va ria n ce  o f  the re a c tio n  system 
(down to  -19 5°) and th e i r  In te r p re ta t io n  a t  th e  tim e was thereby 
rendered ra th e r  le s s  c e r ta in .
No work on th e  r e la t io n  between the e f f ic ie n c y  o f  cyc lob u ta no l 
fo rm a tio n  and medium v is c o s i ty  seems to  have been re p o rte d . How­
e ve r, G u ll l e t  and .coworkers rep o rted  a b r ie f  s tu dy  o f  the r e la t io n  
o f  the quantum e f f ic ie n c y  o f  th e  Type I I  re a c tio n  o f  a v a r ie t y  o f  
ketones to  v is c o s i ty  o f  the s o lv e n t They found no v is c o s i ty
e f fe c t  and ve ry  l i t t l e  tem perature e f fe c t .
F Aims o f  the P resent Experim ental Work
The p r in c ip a l a im  o f  the pre sen t work was to  s tudy e f fe c ts  o f  
s o lv e n t v a r ia t io n  on th e  r e la t iv e  p ro p o rtio n  o f  Type I I  photoe l Im lna- 
t lo n  and e y c l iz a t io n .  As a lre a d y  shown, th e re  Is  a c e r ta in  amount 
known about th e  com parative e f fe c ts  o f  hydrocarbon and a jco h o l s o lve n ts  
(see In tro d u c t io n , s e c t io n  E 2 ), and th e  o b je c t o f  th is  work was to  
t r y  and expand unders tand ing  o f  these e f fe c ts  by s tu d y in g  a w ide r 
range o f  these s o lv e n ts . In a d d i t io n ,  s o lv e n t v is c o s i ty  e f fe c t s  had 
been l i t t l e  In ve s tig a te d  and seemed to  be o f  p o te n t ia l  In te re s t.
I t  was d i f f i c u l t  to  p re d ic t  th e  n e t t  e f fe c t s  on th e  e lim in a t io n  
and e y c l iz a t io n  re a c tio n s , in  view  o f  th e  many r a te  processes which 
In flu e n ce  th e  quantum y ie ld  o f  these re a c tio n s  (e .g . n a ti.rc  o f  e x c ite d
s ta te s  p a r t ic ip a t in g  ( In t ro d u c t io n ,  s e c t io n  C 3(b)) ,  ra te  o f  In te rn a l 
r o ta t io n  In  th e  1 ,4 -b ira d !c a l ( in t r o d u c t io n ,  se c t io n s  D2(c) and 
E 3 (b )) and s o lv a t io n  o f  th e  1 ,4 -b lra d lc a l ( In t ro d u c t io n , se c t io n  E 2 )). 
However, ta k in g  th e  s im p le  v ie w  o f  p o s s ib le  v := c o s lty  e f fe c t s ,  i t  
seemed p o s s ib le  th a t th e  c y c l iz a t io n  m ight be in c re a s in g ly  favoured 
ove r e lim in a t io n  w ith  In c re as in g  so lv e n t v is c o s i ty .  The ra t io n a le  
was th a t  the g re a te r  the v is c o s i ty  o f  th e  s o lv e n t,  th e  more ravo u rab le  
should be th e  t r a n s i t io n  s ta te  o f  lower volume, I .e .  th e  t r a n s i t io n  
fo r  c y c lIz a t io n  which leads to  one m olecu le .
In  any eve n t, th e  r e s u lts  seemed l i k e l y  to  be no t o n ly  o f  
fundam ental photochem ical In te r e s t ,  bu t a ls o  p o s s ib ly  o f  p ra c t ic a l 
s y n th e t ic  va lue-
has be';;» p resented by F isch e r and coworkers ' 2 j,c „ Some o f  th e  ba s ic  
fe a tu re s  o f  th e i r  a n a ly s is  a re  s im ila r  to  those o f  Sal t i e !  and 
D 'A g o s tin o , bu t acco rd ing  to  th e  l a t t e r  a u th o rs , I t  has a number o f 
shortcom ings 12^ .
Brown has a ls o  rep o rte d  e f fe c ts  o f  s o lv e n t v is c o s i ty  on th e  
ph o tochem istry  o f  2 -p en ty lph en y) a ce ta te  and 2 -p e n ty l benzoate 12^, 
E s te rs  undergo a Type I I  c leavage re a c tio n  as do ketones, though a 
s h o r te r  w ave length o f  r a d ia t io n  I r  re q u ire d . Two p r in c ip a l e f fe c ts  
o f  In te re s t were observed. F i r s t ly ,  th e  Type I I  re a c tio n  quantum 
y ie ld  decreased w ith  in c re a s in g  v is c o s i ty ,  an e f fe c t  a t t r ib u te d  to  th e  
in c re a s in g  e f f ic ie n c y  o f  y-hyd roge fi ba ck -dona tlon  in  th e  1 ,4 - b l r a d lc a ! . 
Brown suggests th a t  In c re as in g  so lv e n t v is c o s i ty  '  re ta rd s  In te rn a l 
ro ta t io n  in  th e  1,4-11 r a d ic a l so th a t th e  con fo rm atio n  In  which th e  
1,4 -b lra d ic a l Is  formed (and w hich Is  Idea l fo r  re tu rn )  is  main­
ta in e d  on average fo r  lo n g e r. Secondly, th e  o ro p o rtio n s  In which 
th e  a l te r n a t iv e  Type I I  e l im in a t io n  products  (1-pentene and 2-pentene) 
were formed showed va ria n ce  w ith  s o lv e n t v is c o s ity  a t h ig h  v is c o s i t ie s .  
In te rp re t in g  t h is ,  Brown noted th a t th e  low est energy ground s ta te  
con fo rm atio n  le d  (by -y-hydrogen a b s tra c t io n )  to  th e  h ig h e r energy 
a lkene . S ince th e  p ro p o rtio n  o f  th e  h ig he r energy a lke ne  Increased 
a t  h ig h  v is c o s i t ie s ,  Brown p o s tu la te d  th a t  th e  low est energy ground 
s ta te  con fo rm a tio n  was m ain ta ined fo r  lon ge r on e x c i ta t io n  and so led
*  The e f fe c t  was s tu d ie d  p r in c ip a l ly  using a s e r ie s  o f  a lc o h o ls . 
Comparison o f  quantum y ie ld s  In  2 -m cthy l-2 -p ro pa no l and hexaveoene 
which have s im ila r  v is c o s it ie s ,  In d ica te d  no so lv e n t p o la r i t y  
e f fe c t .  T h is  Is  c o n s is te n t w ith  th e  fa c t  th a t p h o to ly s is  o f  
these e s te rs  occu rs  p re dom inan tly  from  th e  s in g le t  s ta te ,
EXPERIMENTAL
A. Ths O r ig in ,  P re p a ra tio n  and P u r i f ic a t io n  o f S ta r t in g  
M a te ria ls  and P roducts
1. S ta r t in g  M a te r ia ls
(a) Ketones
Samples o f  th e  th re e  ketones s tu d ie d  were a l t  o f  a n a ly t ic a l grade 
q u a l i f y  and were used w ith o u t fu r th e r  p u r i f ic a t io n .  T h a fr  o r ig in  
was as fo llo w s :
2 -(-e n ta r.- ie  (8SS) -  Hopkins 6 VHnS&ms
2-hexanone (> 99%) -  Fluka
4-m e thy l-2 -p en tan on e (98%) -  BDH
The 2-pentanone was a t le a s t 99% pure as shown by gas chromato­
graphy. T h is  was In accord w ith  th e  s u p p l ie r 's  c la im . However, 
C a lv e rt and P i t t s  have rep o rted  th a t th e re  may be s u b s ta n tia l 
amounts o f  3-pentanone pre sen t in  2-pentanone. As a m ix tu re  o f 
these two is  ve ry  d i f f i c u l t  to  re s o lv e  by gas chrom atography, an 
In fra re d  spectrum o f  th e  2-pentanone was compared w ith  l i t e r a t u r e  
spe c tra  o f  3-pentanone The co n c lu s io n  reached was th a t i f  any
3-pentanone was p re s e n t, i t  was o n ly  in  tra c e  amounts. T h is  was 
con firm ed in  a l e t t e r  from  Hopkins s W ill ia m s .
(b) So lvents
A i 1s t o f  th e  s o lve n ts  used and t h e i r  o r ig in  Is  g iven below . No 
fu r th e r  p u r i f ic a t io n  o f  th e  purchased m a te r ia ls  was c a r r ie d  o u t except 
th a t th e  decanol and 3,2 -p ro p a n d lo l were r e d is t i l l e d :
-S.
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R exa l1 (m ed ic ina l p a r a f f in )
L . L ig h t {u n s p e c if ie d  q u a l i ty )  
E. Merck (a n a ly t ic a l reagent) 
E. Merck (commercia l p u r it y )
E. Merck (u n s p e c if ie d  q u a l i ty )  
BDH ( fo r  chromatography)
BDH (u n sp e c if ie d  q u a li ty )
" N u jo l"
1-Decanoi 
M ethanol, Ethanol
2 -M e th y l-2 -p rop sno t
1 -Q c tan o l, 1 ,2 -E th a n d !o l, Cyclohexanol 
Hexane
Dodecane, Hexadecane;
2 -P ro pa no l, 1 -H ep tano l, 2 -0 c ta n o l,
1 ,2 -P ro p a n c lD l, Oodecanol
2-H ep ta no l, 2 ,6 -D im e th y l- li-h e p ta n t/ l -  Prepared by re d u c tio n  o f th e  
co rrespond ing  ketone using a 
la rg e  sc a le  ve rs io n  o f  the 
method de scrib ed In  th e  next 
s e c t io n  (E xpe rim e n ta l, se c tio n  
A 2 (a )) w ith  65% and 50% y ie ld s  
re s p e c tiv e ly .
O ther so lve n ts  were t r ie d  bu t d isca rd ed fo r  one o r  more o f  the 
fo llo w in g  th re e  reasons:
( I )  The so lv e n t peak obscured th e  acetone or cyc lob u ta no l peaks 
on the ga« chromatogram under a l l  conven ien t o p e ra tin g  c o n d it io n s  
(1-propai , -b u ta n o l, 2 -b u ta n o l, 2-p e n ta n o l, 2 -h e xa n o l, decane}.
( I I ) Im p u rit ie s  which cou ld no t be removed by repeated d i s t i l l a t io n s  
obscured c e r ta in  products  (1 -p e n ta n o l) .
( i l l )  The ge ne ra tio n  o f  a y e llo w  c o lo u r  on exposure to  ra d ia t io n  
w hich a p p a re n tly  impeded any fu r t h e r  photochem ical change o f  th e  
ketone. 'h e  c o lo u r  cou ld  be removed by d i s t i l l a t i o n  but was 
regenerated on fu r th e r  ir r a d ia t io n  (1 -he xan o l, 1 ,3 ~ p ro ,...n d lo l, benzyl 
a lc o h o l) .
\
2 . Photoproducts
(a) A lco ho ls
On th e  ba s is  o f  gas chrom atographic experim ents and l i t e r a t u r e  
re p o rts  one o f  th e  photop roducts  was expected to  be th e  reduced 
kfetoiie. Thus samples were needed to  te s t t h is  sug ge s tion . The 
a lc o h o ls  2-pen tanof and 2-hexanol were bo th com m ercia?ly a v a ila b le ,  
bu t it-m e th y l-2 -p e n ta n o l was no t and was prepared as fo llo w s :
Sodfum boro h yd r id e  (2g) was s lo w ly  added to  4 -m e th y i-2-pentanone  
(7 .5 g ) In  methanol (10 m l) ,  adding more methanol when necessary (the  
re a c tio n  was exo therm ic  and e f fe rv e s c e n t) .  When a d d it io n  was com­
p le te ,  th e  m ix tu re  was re flu x e d  fo r  10 m in utes , and then w ater (8 m i) 
and 2M h y d ro c h io r fc  a c id  (10 m l) was added. I t  was then re flu x e d  fo r  
a fu r th e r  10 m inutes. Sodium c h lo r id e  was added to  s a tu ra te  th e  
aqueous la y e r  which was then e x tra c te d  w ith  e th e r (3 x ,3 0  m l) . The 
e th e r s o lu t io n  was d r ie d  and th e  s o lv e n t removed. As th e  sample was 
req u ire d  fo r  q u a l i t a t iv e  comparisons o n ly ,  no fu r th e r  p u r i f ic a t io n  was 
attem pted .
(b) C yc lobutano ls
A sample o f  c is -1 ,2 -d lm e th y lc y c lo b u ta n o l was k in d ly  s u p p lie d  by 
Dr E.D. F e l t  o f  B e ll L a b o ra to rie s , U.S.A.
Two methods o f  p re p a ra tio n  o f  1-m e thy lcyc lo bu tan o l were attem p ted . 
Procedure A : The method th a t was adopted is  o u tlin e d  below:
CH20H CHjpH CHjBf CH2Br
SteeJ.
The method rep o rted  in  O rganic Syntheses was used to  prepa re  the 
p e n ta e ry  h r t t o l  te tra b ro m ld e . The crude pro du c t (731) was used 
w ith o u t fu r t h e r  p u r i f ic a t io n .
The procedure fo llo w e d  was a com bination o f  two p re v io u s ly  rep o rted  
methods ^ 4 ,1 3 5 _  jh e  crude te tra b ro m ld e  (250g ), powdered z in c  (25 0g ), 
e thano l (20 m l) and z in c  bromide (7g) were p laced in  a th ree-necked 
5 t  f la s k  f i t t e d  w ith  a dro pp in g  fu n n e l, a m ercury-sea led  s t i r r e r  and 
a c o l le c t in g  u n i t .  T h is  u n i t  con s is te d  o f  two w a te r-co o le d  condensers 
le a d in g  to  a re c e iv e r  cooled in  d ry  ice  and f i t t e d  w ith  a CaCI^ tube .
A t a tem perature o f  85°C, w ate r (500g) was s lo w ly  added v ia  the 
dropp ing  funnel and th e  v igo ro us  re a c tio n  re g u la te d  by means o f  th e  
ra te  o f  s t i r r i n g .  When th e  a d d it io n  was com p le te , th e  tem perature was 
ra ise d  to  90°C fo r  h a l f  gn hour to  d r iv e  ove r any rema n in g  m ethylene- 
cy i:lob u ta ne . F u rth e r p u r i f ic a t io n  was no t attem pted and th e  y ie ld  o f  
crude m a te ria l was estim a ted a t 60%.
St<i£_3
Two re p o rts  m entioned th e  a d d it io n  o f  66% s u lp h u r ic  a c id  to  m ethylene- 
cy< iobu tane fo r  th e  h y d ra tio n  s te p  bu t no experim en tal d e ta i ls  were 
g iven ^ 5 ,1 3 6  The fo llo w in g  procedure was found to  be s a t is fa c to r y .
The a c id  (80 m l) was added to  th e  crude m ethylenecycIobutane 
(40 m l) and th e  m ix tu re  was he ld a t Smi0°C  in  a r e f r ig e r a to r  o v e rn ig h t, 
I t  was e x tra c te d  w ith  e th e r (3 x  50 m l) ta k in g  ca re  to  m a in ta in  th e  
tem pera ture  below 20°C. ( I f  th e  tem perature rose above t h is  v a lu e , 
a b la ck  ta r  re s u lte d . )  The m ix tu re  was re tu rn ed  to  th e  r e f r ig e r a to r  
and a fu r t h e r  e x t ra c t io n  (2 x 50 m l) was dons on each o f  th e  two 
fo llo w in g  days. The combined e the r e x t ra c ts  were d r ie d  and most o f  
th e  so lv e n t removed. The y e llo w  im p u r ity  was relieved by column
&
chromatography w ith  p e n tan e /e th e r fo llo w e d  by m lc r o d ls t i l la t lo n .
The I . r .  spectrum  o f  t h is  m a te ria l was in d is t in g u is h a b le  from  th a t 
o f  1-m e thy lcyc lo b u ta n o l o b ta in ed  from  procedure B, bu t th e  mass 
spectrum  o f  th e  compound showed th a t a s ig n i f ic a n t  amount o f  a bromln< 
c o n ta in in g  im p u r ity  was p re se n t. D esp ire ex te n s .ve  e f f o r t s  th is  
im p u r ity  cou ld  no t be removed. The impure 1-m e thy lcyc lo bu tan o l 
prepared In  t h is  way was used f o r  q u a l i ta t iv e  work o n ly .
Procedure B : A method which was found to  be more s a t is fa c to r y  Is  
o u t l in e d  below:
OH
- M e M S E U -
V
- c h .
M ethyl bromide (20g, 0,21 mol) was d isso lve d  in  d ry  e th e r (100 m l) 
a t  0°C. The s o lu t io n  was s lo w ly  added v id  a dro pp in g  fctfine? to  
magnesium rib bo n  (4 ,8 g , 0 ,20 m ol) In  d ry  e th e r (§0 m l) . A c ry s ta l 
o f  io d in e  was added to  I n i t ia t e  the re a c t io n . The ra te  o f  a d d it io n  
o f th e  methyl bromide s o lu t io n  was a d jus te d  so as to  keep th e  re a c tio n  
m ix tu re  ju s t  r e f lu x ln g .  When th e  a d d it io n  was com plete I t  was a llow ed 
to  stand fo r  30 m inutes. To th e  f la s k  w ith  th e  G rlgnard rea ge n t, 
was added a s o lu t io n  o f  eyclobutanone (F luka) (5g, 5 ,5  m l, 0,07 m ol) 
in  d ry  e th e r (10 m l) a t  a ra te  s u f f ic ie n t  to  m a in ta in  th e  m ix tu re  
r e f lu x ln g .  I t  was a llow ed to  stand fo r  15 m inutes and then poured
on to  Ice  (70 0g ), To t h is  was added 10% s u lp h u r ic  ac id  (100 m l) .
The two laye rs  were sepprated and th e  aqueous a c id  la y e r fu r th e r  
e x tra c te d  w ith  e th e r (2 x 100 m l) . The o rg a n ic  la y e rs  were then com­
b ined and d r ie d  ove r anhydrous potassium  ca rbonate . A f te r  removal
o f  th e  s o lv e n t, th e  1-m e th y lcyc lo b u ta n o l was d i s t i l l e d  under reduced 
p re ssure  to  y ie ld  a co lo u r le s s  l iq u id  (<ig, 65£) which gave a s in g le  
peak on th e  gas chromatograph (FFAP column) and showed th e  fo llo w in g  
sp e c tra l c h a r a c te r is t ic s :
i . r .  ( l iq u id  f i lm ;  v 3330 (s ,0 H ), 2950, 2800, 1*50, 1365, 12J0,
1170, 1150 (m .O f). 950 cm"5) ;  n .m .r. (IMS, CCl^, 6 1,33 (s, 3H, CH^),
1,91 (m, 6 'd), *  ,33 (s ,  1H, exchange w i th  DgO, OH)).
The mass spectrum showed th e  m o lecu la r Ion a t m/e 86 u.id was In  accord 
w ith  th a t quoted in  th e  l i t e r a t u r e  5\
(c ) K e ta ls
Samples o f  th e  two d lo xo la ne s  de rive d  from  re a c tio n  o f  1,2 -e th a n d io l 
w ith  acetone {2 ,2 -d iru e th y i-1 ,3 - dioz<olane) and w ith  2-pentanone (2 -m e th y l-2 -  
p ro p y l-1 ,3 -d io x o la n e )  were k in d ly  sup p lie d  by Mr J .P , Michael o f  th e s * 
la b o ra to r ie s .
2 ,2-D im ethoxypropane was purchased from  E. Merck S C o., w h ile  a 
sample o f  2 ,2-d im ethoxypentane was k in d ly  su p p lie d  by Mr F. Knoth o f 
these la b o ra to r ie s ,
B. Method o f  I r r a d ia t io n
Q,23M S o lu tio n s  o f  th e  th re e  ketones used were a l l  i r ra d ia te d  in  
10 ml pyrex v o lu m e tr ic  f la s k s .  The s o lu t io n s  were prepared in  the 
f la s k s  by adding th e  de s ire d  amount o f  ketone w ith  a sy r in g e  and 
making up to  10 m! w ith  the req u ire d  s o lv e n t. The a i r  volume rem ain­
ing above th e  g ra du a tio n  was p ro te c te d  w ith  a lum inium  f o i l  to  avo id 
c o m p lica tio n s  due to  I r r a d ia t io n  o f  th e  ketone vapour. The 
i r r a d ia t io n s  were c a r r ie d  o u t fo r  20 V *  hours on an a ir -c o o le d  
roundabout apparatus (F ig . 2 ) .  Samples were clamped a t  a f ix e d  
d is ta n ce  from  the  m edium -pressure m ercury l i g h t  source (Hanau). The 
tem perature o f  the  samples d u rin g  I r r a d ia t io n  depended on th e  surround­
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f ig u r e  2 : V iew from  above o f  i r r a d ia t io n  apparatus
C. Method o f  A n a lys is
A Perk in -E lm er Model 880 gas chromatograph ( g .c . )  f i t t e d  w ith  a 
dual flam e Io n is a t io n  d e te c to r  was used. Two columns were made :
u s ing  V s  inch  diam ete r s ta in le s s  s te e l tu b in g . One, a 6 f t  column, 
was packed w ith  FFAP, a packing o f  medium p o la r i t y  o f  th e  Carbowax 
typ e (10? on Chromsorb 6 ) ,  w h ile  th e  o th e r ,  a 1 2 ft column, con ta ined ;
Aptezon I  (15% on C e H te ) .  Reference samples o f the ketones and th e  -
two main products  o f  in te r e s t  (acetone and c y c lo b u ta n o l) were run to  
e s ta b lis h  the best o p e ra tin g  c o n d it io n s . The chosen c o n d it io n s  were 
as fo llo w s : The he lium  pressure  was 30 l b / I n 2 g h 'in ;  a f lo w  ra te  o f
about 30 m l/m in . The FFAP column was programmed ' rom j.0 to  150°C a t !
s ix  d e g re es /m inu te , th e  Apiezon L column from  60 to  160°C a t fo u r  
de g rees/m inu te . The i n i t i a l  In je c to -  tem perature was 70° in  both
to s t  o f  th e  q u a n t i ta t iv e  data were o b ta in ed  w ith  the FFAP column.
The Apiezon L column was used fo r  q u a n t i ta t iv e  a n a ly s is  o n ly  fo r  re a c tio n  ,
m ix tu res  from  ph oto lyses o f  2-pentanone in  hydrocarbon s o lve n ts  (due to  |
th e  ko to 1 cyc lob u ta no l o r  reduced ketone peaks m erging w ith  each 
o th e r ) . However, I t  was a ls o  used in  q u a l i ta t iv e  in v e s t ig a t io n s  
in to  th e  n a tu re  o f  o th e r p ro du c ts  (see below and E xp e rim e n ta l, 
se c t io n  F ) . Each i r r a d ia t io n  o f  a sample Is  described as a 
p h o to ly s is  w h ile  t. ie  d e s c r ip t io n  "chrom atogram" im p lie s  one in je c t io n  
(o r a n a ly s is )  o f  th e  sample. Each sample was run on th e  g .c . 
w ith in  tw e lve  I tours a f te r  ir r a d ia t io n .  T h is  was due to  th e  fa c t  th a t 
in  2-pentanone p t io to ly s a te s , th e  two peaks assigned to  2-p ropano i and 
2-pen tano l inc rea sed , w h ile  those assigned to  acetone and 2-pentanone 
decreased wt h tim e  in  hydrocarbon s o lv e n ts  (e v id e n t a f te r  fo u r  days 
s to ra ge  in  da rkn e ss ), T h is  d id  no t appear to  happen fo r  a lco ho l 
s o lve n ts  -  bu t ne ve rth e le ss  a l l  pho to lyses  were analysed w ith in  
tw e lve  hours . No experim ents were done to  In v e s t ig a te  th e  cause o f 
th is  e f fe c t .
The assignm ents o f th e  peaks on th e  g .c . tra ce s  o f  th e  th re e  
Ir ra d ia te d  ketones were done In  most cases on th e  ba s is  o f  comparison 
w ith  a u th e n tic  samples on both columns (acetone, 2-p ro p a n o l,
2-pentanone, 2-hexanone, 4-m e th y l- 2 - pentanone, 2 -p e n ta n o l, 4 -m e th y l-2 -  
pe n ta n o l, 2 he xano l, 1 -m e th y lcyc lo b u ta n o i, c j_s-l ,2 -d im e th y l c y c lo b u ta n o l). 
In th e  case o f  t r a n s - 1 ,2 -d im e th y lcyc lo b u ta n o l and c is  and tra n s -1»3- 
d im e th y lc y c lo b u ta n o l, where a u th e n tic  samples were no t a v a i la b le ,  
assignm ents were made by r e fe r r in g  to  th e  p o s it io n  o f  the c j_s-1 ,2- 
d im ethy l c y c lo b u ta n o l. The £ls_ and t r a n s - 1 ,3-d im e th y lc y c io b u ta n o ls  
(from  4 -m ethy l-2 -pentanone) appeared to  be unreso lved in  some 
chromatograms and p a r t i a l l y  re s o l"  ers and, o th e r than a peak
co rrespond ing  to  an im p u r ity  , / 1- 2-pentanone, i t  was the
o n ly  peak o f  re te n t io n  tim e ro u g h :, „ne area expected fo r  d im e th y l" 
c yc lo b u ta n o ls . The tra n s -1 ,2 -d lm e th y ic y c lo b u ta n o l, i f  reso lved from
Ithan th e  ci_s Isomer A sm all peak was observed in  t h is  reg io n  and
was assigned to  the tra n s  Isomer.
D. R esu lts  o f  Photolyses
Since the  p r in c ip a l o b je c t iv e  o f  th is  work was to  de term ine 
tre n d s  in  th e  r e la t iv e  y ie ld s  o f  ace tone and c y c lo b u ta n o i, I t  was f e l t  
th a t measurement o f  e r a t io  o f  peak h e ig h ts  would be s u f f ic ie n t ly  
a ccu ra te . A ! i  f ig u re s  quoted a re  th e  average o f  th e  f ig u re s  fo r  a l l  
pho to lyses  o f  th a t system (e .g . 2-pentanone In  hexane) w h ile  the 
f ig u r e  fo r  each p h o to ly s is  Is  in  tu rn  th e  average o f  th a t ob ta ined 
from  seve ra l (two to  fo u r )  chromatograms. D iffe re n c e s  in  th e  peak 
h e ig h ts  o f  in d iv id u a l components In  d i f f e r e n t  chromatograms were 
u s u a lly  found to  be sm a ll. These d iffe re n c e s  a re  presumably due to  
a f a i l u r e  to  reproduce p re c is e ly  th e  g .c .  a n a ly s is  c o n d it io n s  and/or 
th e  In je c t io n s . On th e  o th e r  hand comparisons o f  peak he ig h ts  fo r  
in d iv id u a l components In  d i f f e r e n t  ph oto lyses sometimes showed 
d if fe re n c e s  as g re a t as about 25% a lth o u g h  they were u s u a lly  much less  
th an  th is .  In s ix  so lv e n ts , two d is t in c t  se ts  o f  peak h e ig h t averages
from  d i f f e r e n t  photo lyses were o :.;s in e d  and these were bo th recorded.
These d if fe re n c e s  were presumably to  d if fe re n c e s  Sn ph o to V y tlc  con­
d i t io n s ,  e .g . lamp o u tp u t, d is ta n ce  between lamp and sample.
The response o f  th e  g .c .  d e te c ic . to  th e  th re e  compounds o f 
in te r e s t ,  was checked by means o f  a number o f  c a r e fu l ly  prepared standard 
s o lu t io n s . The r a t io  o f  the responses to  aaeiono : 2-pentanone s
1-m e thy lcyc lo b u ta n o i (de term ined w ith  s o lu tio n s  o f  c o n ce n tra t io n s  com- 
pa rab ie  to  those o b ta in ed  In th e  p h o to ly s is  m ix tu re s ) , was 1 ,3 :1 ,2 :1 ,0 .
In v iew  o f  the  fa c t th a t th e  work was o n ly  Intended to  be semi­
quant I ta t  I ve In  n a tu re , i t  was f e l t  th a t  th e  e r r o r  In cu rre d  by 
n e g le c tin g  these s l ig h t  d iffe re n c e s  was too small to  be im portan t and
&
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vrould be u n l ik e ly  to  obscure any tre n d s . Thus th e  peak h e iy h t i  were 
no t co rre c te d  fo r  d e te c to r  response.
To g iv e  an Im pression o f  th e  appearance o f  gas chromatograms 
o b ta in ed  w ith  the two d i f f e r e n t  columns, two examples a re  Included in  
F igu re  3- Both a re  o f  th e  re a c tio n  m ix tu re  from  th e  p h o to ly s is  o f
2-pentanone In  hexadecane. Tab les I to  V ( fo l lo w in g )  l i s t  th e  
r e s u lts  In term s o f  average peak h e ig h ts  on th e  chromatograms o f 
p h o to re a c t'o n  m ix tu re s  o f  th e  th re e  ketones used. For a l l  th e  ta b le s , 
th e  peak h e ig h ts  correspond to  a g .c ,  a t te n u a tio n  o f  200 (un less 
s ta te d ) w ith  a H ita c h i Q.PD53 re co rd e r showing a f u l l  sca le  d e f le c t io n  
a t 5mV being used.
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Figure. 3; Specimen chromatograms of 2-pentanone 
in hexadecane

























E. Quenching S tud ies
Tab le  VI con ta in s  th e  re s u lts  o f  ph o to lyses  In  which th e  quencher 
c< s -!,3 -p e n ta d te n e  was p re sen t. Due to  th e  low con vers ion s in  these 
ph o to lyses th e  peak he ig h ts  in  Tab le  V! a re  less  r e l ia b le  than those 
o f  p re v io us  ta b ie s .
Tab le  VI Ketones Ir ra d ia te d  w ith  c is - l,3 ~ p e n ta d la n e  (13 PC) ;
H e igh ts  o f  two main product peaks (cm) a -  average from  
chromatograms o f  on* .lo n g -te rm ) p h o to ly s is
So lven t K .tone b 13 PD Acetone
S u b s titu te d
cyc lob u ta no l
"N u jo l" - 33,4 32,4
B.15M k ,k 0,8
0.15M 1 0 ,i c
0.15M 21,6 9,6
1,2 -E tha nd Io l - 7,6 15,6
2P 0.15M 9,5 1,3
4M2P 0.15M 11,6 c
2H 0.15M 33,2 8,8




2-0 c tan o l - 25 ,2 10,0
2P 0.15M 18,9 1,6
kH2P 0,35M 10,3 c
2H 0.15M 32,8 7,6
Hexadecane 2P Q.15M 12,8 1,9
Ethanol 2P' 0.15M 12,2 4,1
Cyclohexanol 2P 0.15K 7,8 1,9
a) g .c .  a t te n u a tio n  a t 50
b) 2P — 2-pentanone, 2H =  2-hexanone, 4MZP “  A -m ethyl-2 -pentenone
c) small
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For purposes o f  com parison, a number o f  s h o rt-te rm  I r r a d ia t io n s  
in  th e  absence o f  quencher were perform ed. The pe rio d  o f  p h o to ly s is  
(about th re e  hours) was chosen to  produce ap p ro x im a te ly  th e  same 
amount o f  c yc lob u ta no l as was formed In  th e  experim ents w ith  c ts -1 ,3 -  
pentad iene p re sen t. The r e s u lts  o f  such ph oto iyses are recorded in  
Tab le  VI I.
Tab le V I I  2-Pentanone: 3 hour i r r a d ia t io n s .  H e igh ts  o f  two main
product peaks (cm) a -  average from  chromatograms o f  one 
p h o to ly s is
Solvent Acetone 1-M e thy lcyc lo bu tan o l









a) g .c .  a tte n u a tio n  a t 50
b) approxim ate measurement
F. A d d lt lo n a l Products
G.c. in v e s t ig a t io n  o f  ph o to re a c tio n  m ix tures  showed th a t th ey  a l l  
con ta ined a co n s id e ra b le  number o f  o th e r products  a d d it io n a l to  acetone 
and th e  cyc lob u ta no l (see F ig . 3 and Tables l- V ) .  A number o f  these 
products  were common to  many o f  th e  ph o to re a c tio n  m ix tu re s .
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2-Pentanone formed th e  g re a te s t number o f  a d d it io n a l products  and so 
i t s  re a c tio n  m ix tu re s  were th e  most In te n s iv e ly  s tu d ie d . T h is  was 
done by comparing separa te  and mixed In je c t io n s  o f  the  p h o to rea c tion  
m ix tu re s  and a u th e n t ic  samples o f  suspected p ro du c ts , on bo th columns 
used (FFAP and Aplezon L ) .
2-Propano1 and th e  th re e  reduced ketones (2 -p e n ta n o l, 4 -m e th y l-2 -  
pentanol and 2 -hexano i) were id e n t i f ie d  by t h is  method. However, a 
number o f  o th e r  compounds, even those w ith  a rem ote p o s s ib i l i t y  o f  
be ing p ro du cts  (m ethano l, e th a n o l, 1-p ro p a n o l, 1-b u ta n o l, 2-b u ta n o t,
1 -p e n ta n o l, p ro p a n a l, b u ta n a l, methyl a c e ta te , 2 ,3 'b u ta n d io n e , 
te tra h y d ro fu ra n , cyclopen tanone, cyc lop en tan e , hexane, he ptan e), were 
te s te d  w ith o u t success. Low b o i l in g  components o f  Type 1 (e .g . carbon 
m onoxide, methane, propane) and Type I I  (ethene) re a c tio n s , which 
have been rep o rte d  by many au th o rs  7 .32 ,109^ were no£ id e n t i f ie d  bu t 
were assigned to  a la rg e  peak o f  very  s h o r t re te n t io n  tim e  which 
appeared on a l l  chromatograms (see F ig . 3 , page 65 ).
The o n ly  o th e r  product to  be t e n ta t iv e ly  id e n t i f ie d  was e th a n a l. 
T h is  was te n ta t iv e ly  id e n t i f ie d  In  some re a c tio n  m ix tu res  from  a i l  
th re e  ketones. I t  was, however, o n ly  formed in  s ig n i f ic a n t  amountis 
when ethano l (an amount equal to  ± 50% o f  th e  acetone formed) and
1. 2-e th a n d lo l (± 110% o f  the  acetone) were th e  s o lv e n ts . In 
dodecane, 1-h e p ta n o l, 1-o c ta n o l,  1-d e ca n o l, 1-dodecanol and
1 . 2 -p ro p a n d io l, th e re  a re  In d ic a t io n s  o f  tra ce s  o f  ethana l I n a l l  
ketones used. A l l  secondary a lco ho l s o lv e n ts  f a i le d  to  g iv e  any 
in d ic a t io n  o f  fo rm a tio n  o f  e th a n a l.
L a te r  work has a lso  shown th e  presence o f  k e ta ls  In  th e  
p h o to lysa tes  from  some a lco h o l s o lve n ts  (see E xp erim e nta l, se c tio n  G2).
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G. Other Experim ents
1. Comparison o f  Photo lyses o f  A i r -  and N itro g e n -sa tu ra te d  
S o lu tio n s
Two experim ents (us ing  2-pentanone in  hexane and e th a n o l) were 
perform ed to  see I f  removal o f  th e  dissolved oxygen by d isp lacem ent w ith  
n itro g e n  produced a d if fe re n c e  in  th e  re s u lt s .  N itro ge n  gas was passed
th rough 50 ml o f  th e  s o lve n ts  fo r  ten m inutes. S o lu tio n s  o f  2-pentanone
in  th ese  s o lv e n ts  were then q u ic k ly  made up as u s u a l. C on tro l 
s o lu t io n s  o f  2-pentanone in  hexane and ethano l which had no t been 
flu s h e d  w ith  n itro g e n  were ir ra d ia te d  and analysed a t  th e  same tim e .
The r e s u lts  fo r  a l l  fo u r  pho to lyses  a re  presented in  Table V I I I  (page 75) .  
In hexane, th e  y ie ld  o f  a number o f  m inor products  appeared to  be 
enhanced when n itro g e n  was presen t ins te ad  o f  a i r .
2 . Experim ents on Keta l Form ation and the  Gas C hrom atographic 
I d e n t i f ic a t io n  o f  K e ta ls
0.23M S o lu tio n s  o f  ( i )  acetone and (11) 2-pentanone In  1 ,2 -  
e th a n d io l were a llow ed to  stand fo r  a few  days. No k e ta l fo rm a tio n  
cou ld  be de te c ted  on th e  g .c .  Two fre s h  0,23M s o lu tio n s  were then 
made-up and I r r a d ia te d " .  In th e  a n a ly s is  o f  th e  products  o f  these 
I r r a d ia t io n s ,  fo u r  columns were used. The FFAP and Apiezon columns 
p re v io u s ly  de scrib ed were used and, In  a d d it io n , two fu r th e r  s ix  fo o t 
s ta in le s s  s te e l columns (one V 4  Inch d iam ete r w ith  Hyprose SP80
*  T h is  In v e s t ig a t io n  was undertaken a f te r  th e  o r ig in a l  work had been 
completed and th e  ph o to ly fc ic  c o n d it io n s  o f  th e  pre v io us  work could 
not be p re c is e ly  reproduced s in ce  a d i f f e r e n t  lamp had to  be used. 
However, s in ce  in  a l l  o th e r ways th e  I r r a d ia t io n s  were perform ed 
in  a manner id e n t ic a l to  th e  e a r l ie r  ones, i t  Is  u n l ik e ly  th a t any 
s ig n i f ic a n t  d iffe re n c e s  re s u lte d .
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(11% on Supel c o p o r t ) , th e  o th e r V s  d iam eter w ith  GE5E 52 (5% on 
chromsorb W )), were employed.
In th e  i r r a d ia te d  s o lu t io n  o f  ace tone In  ?,2 -e th a n d io !, the 
correspond ing  k e ta l was t e n ta t iv e ly  Id e n t i f ie d  by v i r t u e  o f  th e
re s o lu t io n  ob ta in ed on th e  Aplezon L column. I t  was estim a ted to  be
about 10% o f  th e  o r ig in a l  ace tone . On th e  o th e r  th re e  columns I t
cou ld no t h= d e a r l y  reso lve d from  a la rg e  u n id e n t i f ie d  product peak.
In  th e  I r r a d ia te d  2-pentanone s o lu t io n ,  the presence o f  th e  c o rre s ­
ponding k e ta l (about 5"10% o f  th e  2-pentanone) was te n ta t iv e ly  
Id e n t i f ie d  on the grounds o f  th e  sep a ra tion  o b ta in ed  on th e  Hyprose 
column. No c le a r  In fo rm a tio n  was ob ta in ed  us ing  th e  o th e r columns.
On the FFAP and GESE 52 columns th e  ke ta l peak corresponded In 
re te n t io n  tim e to  th e  peak id e n t i f ie d  as 1-m e thy ’ c y c lo b u ta n o l, w h ile  
on the  Aplezon L column I t  corresponded In  re te n t io n  tim e  to  the  
s o lv e n t. The presence o f  2 ,2 -d im e th y l- ! ,3 'd lo x o la n e  In  th e  Ir ra d ia te d  
2-pentanone so’ u t io n  cou ld no t be c le a r ly  e s ta b lish e d  s in ce  I t  was not 
c le a r ly  reso lve d  on any o f  th e  columns used. On the Aplezon L column 
I t s  re te n t io n  tim e  corresponded to  th a t o f  2-pentanone.
In  a l im ite d  In v e s t ig a t io n  o f  p o s s ib le  k e ta l fo rm a tio n  du rin g  
I r r a d ia t io n  o f  ketones in  m onohydrlc a lc o h o ls , th e  s o lv e n t methanol 
was chosen fo r  s tu d y . The ke ta l from  acetone (2 ,2-d lm ethoxypropane) 
had the  same re te n t io n  tim e as acetone on th e  FFAP column and as 
methanol on th e  Aplezon L column. Hence I t s  presence In  the  
I r ra d ia te d  methanol s o lu tio n s  cou ld no t be e s ta b lis h e d . However, the  
k e ta l from  2-pentanone (2 , 2-d im ethoxypentane) was p a r t ly  reso lved from 
2-pentanone on th e  FFAP column under th e  normal o p e ra tin g  c o n d it io n s  
(see E xp e rim e n ta l, se c t io n  C, and a peak corresponding to  th is  com­
pound was indeed observab le  on th e  s id e  o f  th e  2-pentanone peak In  the
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gas chromatograms p re v io u s ly  o b ta in ed  from  I r r a d ia te d  s o lu tio n s  o f 
2-pentanone in  m ethanol.
3. I r r a d ia t lo i  Acetone in  V a rio us  So lvents 
As i t  seemed post ' t  th a t th e  2-propano l was de rive d  from 
ph o to re d u c tio n  o f  ace tone, f i r s t  formed by Type I I  e l im in a t io n  from 
th e  o r ig in a l  ke ton e , a t r i a l  p h o to ly s is  o f  ace tone was perform ed. 
Acetone (0,2M) was ir ra d ia te d  in  hexane under the same co n d it io n s  as 
fo r  th e  ketones s tu u ie d . A f te r  the 20 hours i r r a d ia t io n  more than 
808 o f  th e  acetone had reacted  and 2-propano i (50-608) and o th e r 
u n id e n t i f ie d  p ro du cts  were produced. S im ila r  re s u lts  were o b ta irn d  
on i r r a d ia t io n  o f  s o lu t io n s  o f  acetone in  1, 2-e th a n d io i and
1-d e c a n o l. The amount o f  2-p ropano l formed in  1-decanol was 
ap p ro x im a te ly  808 o f  the  to ta l  obse rva b le  photop roducts .
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DISCUSSION
The p r in c ip a l aim  o f  t h is  d iscu ss io n  Is  to  In te r p re t  th e  com parative 
behav iou r o f  th e  th re e  ketones In  th e  range o f  s o lve n ts  s tu d ie d .
However, as a p re lim in a ry  i t  is  necessary to  d iscu ss  th e  p h o to k e ta li~
zaf.ion re a c tio n  w hich has been found to  occu r in  a lco h o l s o lv e n ts . |j
The exp la n a tio n  o f  ih e  chosen method o f  trea tm en t and p re s e n ta t io n  o f  ''
i
r e s u lts  f o r  d is c u s s io n , w i l l  show th e  consequences fo r  th e  In te rp re ta ­
t io n  o f  th e  resu l t.s o f  t h is  ph otoke ta l i?.at ion  and th e  need to  d iscu ss  
t h is  f i r s t .  Thus t h is  d iscu ss io n  is  d iv id e d  In to  fo u r  main sec tio n s
as fo llo w s :  ‘
I
A The p h o to k e ta liz a t io n  re a c tio n  '
B Method o f  trea tm en t o f  r e s u lts  >
C Comparison o f  uhe behaviour o f  th e  d i f f e r e n t  ketones !
D Comparison o f  th e  e f fe c ts  o f  th e  d i f f e r e n t  s o lve n ts  j
A. The PhotokeCal Iz a t io n  R eaction |
Ourfng th e  a n a ly s is  o f  th e  data re p o rte d  in  t h is  v o rk  a noma lo u s iy  |
low acetone y ie ld s  were revea led  in  the  case o f  th e  p h o to ly s is  o f  a l l  
th re e  ketones in  1,2 -e th a n d io l s o lu t io n . One p o s s ib le  e xp la n a tio n  o f 
t h is ,  which subsequent experim ents proved, was th a t  a k e ta lIz a t io n  
re a c tio n  occu rred  in  t h is  so lv e n t.
S ince no a c id  o r  base c a ta ly s is  should be o p e ra tiv e  under the  
p h o to ly s is  c o n d it io n s , a search o f  the  l i t e r a t u r e  was made fo r  re p o rts  
o f  uncata lysed k e ta l fo rm a tio n , Only two re le va n t re p o rts  were found.
In one 1: was s u c g o te d  th a t  re a c tio n  occu rs  between methanol and
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cyclohexanone to  form  th e  k e ta t In  th e  absence o f  a c id  c a ta ly s t  in 
th e  cou rse  o f  a few hours a t room tem pera ture  o r  a few m in u te ; a t 
100°C in  th e  o th e r  a t ra n s k e ta i tz a t ion between ch lo ro a c e ta ! and
1»2 ,? .~ p rop an tr io l was rep o rted  to  occu r on he a tin g  then to g e th e r a t  
115°C fo r  a s h o rt p e rio d  T h is  l i t e r a t u r e  search a ls o  revea led
th a t u .v .  1 ! g h t-c a ta ly s e d  ke ta l fo rm a tio n  is  not unknown Never­
th e le s s  i t  does not appear to  have been cons ide red by th e  v a s t m a jo r ity  
o f  w orkers in  th e  f i e l d  o f  ketone ph o toch em is try , when a n a ly s in g  th e / r  
re s u lt s .  The most rece n t re p o r t is  th a t  o f  D ira n ia  and H i l l  on the 
p h o toke ta l iz a t io n  o f  a -a ry lo xya ce to n e s  These au th o rs  ob ta in ed
k e ta ls  from  i r r a d ia t io n s  in  m ethano l, e thano l anc benzyl a lco h o l bu t 
no t ! n a 1,2-e th a n d io l/d lo x a n  m ix tu re  o r  in  secondary a lc o h o ls  
(2-propanol and c y c lo h e xa n o l) .  They a ls o  sugy^st lh a t th e  e th e r oxygen 
p resen t In  these ketones p la ys  an Im po rtan t r o le  in  th is  p h o to k e ta li-  
z a t lo n  s in ce  they found th a t  ketones which la ck  th e  e th e r fu n c t io n , 
bu t a re  o th e rw ise  analogous, d id  no t undergo th e  re a c tio n .
In v iew  o f  th e  p a u c ity  and somewhat c o n f l ic t in g  n a tu re  o f  
l i t e r a t u r e  re p o r ts ,  a d i r e c t  te s t  was made to  see i f  an uncata lysed 
thermal k e ta l iz a t  Ion re a c tio n  cou ld occu r between s im p le  ketones and
1.2 -e th a n d lo l. I t  was found th a t s o lu tio n s  o f 2-pentanone and acetone 
in  1,2-e th a n d io l showed no ke ta l fo rm a tio n  a f te r  s ta nd in g  fo r  several 
days a t  room te m pera ture . In  o rd e r to  te s t th e  p h o to k e ta liz e t lo n  
h yp o th e s is , samples o f  th e  1, 2-e th a n d lo l k e ta ls  o f  ace tone (2 ,2-d im e th y l-
1 .3 - d io xo la ne ) and 2-pentanone (2 -m e th y l-2 -p ro p y l- 1, 3 -d lo xo la n e ) were 
p-epared . 8y g .c .  peak m atch ing th e  fo rm er was id e n t i f ie d  as a p ro ­
duct from  the  I r r a d ia t io n  o f  ace tone , 4 -m e th y l-2-pentanone and 2-hexanone
*  These were k in d ly  su p p lie d  by Mr J . M ichael -  see Experim enta l, 
se c t io n  A 2 (c ).
in  1, 2-e th a n d io l, Furtherm ore, th e  2-pentanone k e ta l was te n ta t iv e ly  
id e n t i f ie d  in  th e  ir ra d ia te d  re a c tio n  m ix tu re s  o f  2-pentanone In
1 ,2 -e th a n d io l. Using th e  g .c .  c o n d it io n s  which were employed in  the 
a n a ly s is  o f  e a r l ie r  p h o to iy s a te s , i t  is  however no t separated from
1-m ethyl c y c lo b u ta n o l.
Subsequent experim ents in  t h is  la b o ra to ry  have shown th a t i r r a d ia ­
t io n  o f 2-pentanone in  s im p le  p rim ary  a lco ho l s o lve n ts  (methanol and
1-o c ta n o l)  a ls o  g ives r is e  to  va ry in g  amounts o f  k e ta ls  i t
would thus appear th a t ,  c o n tra ry  to  th e  suggestion  o f  D ira n ia  and 
H IM  th is  Is  a ph o to re a c tio n  o f  some g e n e r a l i ty .  Thus th e  gas
chromatograms o b ta in ed  e a r l ie r  in  t h is  work were Inspected and found, 
tn  th e  case o f  several a lco ho l s o lv e n ts , to  e x h ib i t  peaks which could 
be reasonab ly  assigned to  th e  k e ta ls  o f  acetone and th e  re le v a n t 
ketone. I t  is  no t easy to  e s tim a te  a general f ig u r e  fo r  th e  e x te n t 
o f  ke ta t fo rm a tio n  in  th e  I r r a d ia t io n s  perform ed in  th is  w ork, bu t i t  
c e r ta in ly  does no t exceed 20% o f  th e  re a c t io n . Judging from  subsequent 
re s u lts  o b ta in ed  In  these la b o ra to r ie s , i t  is  p ro ba b ly  s ig n i f ic a n t ly  
less  fo r  I r r a d ia t io n s  done in  lon ge r cha in  a lc o h o ls
Since th e  in fo rm a tio n  on th is  re a c tio n  Is  so lim ite d  I t  Is  no t 
p o ss ib le  to  in fe r  much about I t s  mechanism. Photo-add 11Ion o f  a lco h o ls  
to  C*=C bonds Is  w e ll documented and both ra d ic a l and p o la r  paths 
have been p o s tu la te d  fo r  th ese . The fo rm er Is  p o s tu la te d  fo r  a d d it io n  
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The k e ta l iz a t lo n  must be analogous to  th e  p o la r  a d d it io n  mode I I  as I t  
is  d i f f i c u l t  to  see how a ra d ic a l pathway cou ld lead to  ke ta l fo rm a tio n . 
A lthough i t  seems a t t r a c t iv e  to  invoke th e  rad lea 1-1 Ike  p ro p e rtie s  o f 
ketone exc ite d - s ta te s , such a p o s s ib i l i t y  would appear rea sonab ly , 
o n ly  to  lead to  an a d d it io n  o f  mode I - ty p e .  A p o la r  a d d it io n  to  the 
e x c ite d  carbony l group o f  the ketone o b v io u s ly  accounts fo r  the 
k e ta l iz a t io n  in  a general way, bu t th e  a d d it io n  mode I I  seems 
in c o n s is te n t w ith  th e  expected p o la r i t y  o f  th e  ketone exc ised s ta te  
(see In tro d u c t io n , se c t io n  C l) .  Another p o s s ib i l i t y  is  th a t a d d it io n  
a c tu a lly  occu rs  to  an enol tautom er (p o s s ib ly  a photoeno l) as in  
Scheme X V II .
Scheme XVII
ch3
vThe invo lvem ent o f  a photoenol Is  an ap pe a lin g  p o s s ib i l i t y  fo r  the 
acetone k e t a l iz a t io n ,  s in c e  th e  acetone is  i n i t i a l l y  e lim in a te d  as 
th e  ph o toe no l. However, no photoenol o f  th e  s ta r t in g  ketone has ever 
been id e n t i f ie d  in  p h o to ly s a te s , a lth ou gh such an in te rm e d ia te  has been 
p o s tu la te d  to  occu r in  th e  p h o to ly s is  o f  2 ,3 -bu ta nd io ne  They have
a ls o  been po s tu la te d  as in te rm e d ia tes  In  photo Isomer I za t Ions 
and have been is o la te d  as products  In  the ph o to lyses o f  a number o f
1 -p he ny1 a lkan -1 ,2 -d ion es and o-benzylbenzophenone Thus
I t  cou ld  be cla im ed th a t photoeno ls  a re  formed by s im p le  ketones as 
w e l l ,  bu t th a t th ey  fo rm  in  low y ie ld s  an d /o r r a p id ly  re tu rn  to  the 
s ta r t in g  ke tone. A lth ou gh t h is  is  a p o s s ib i l i t y ,  th e re  a re  fu r th e r  
d i f f i c u l t i e s  w ith  th e  p o s tu la te  o f  an in te rm e d ia te  photoenol on the  
pa th to  p h o to k e ta liz a t io n . Presuming th a t a d d it io n  o f  a lco h o l to  the  
photoenol has to  be ph o toch em ica lly  I n i t ia te d ,  th e  d i f f i c u l t y  a r is e s  
th a t  th e  photoenol may have an e x c ita t io n  energy g re a te r  than th a t 
sup p lie d  by th e  w ave length o f  ra d ia t io n  used ^ . I t  i s ,  o f  cou rse , 
p o s s ib le  th a t the  ketone cou ld  p h o to s e n s !t is e  th e  re a c tio n  o f  th e  e n o l. 
The Involvem ent o f  a photoenol perhaps locks  ra th e r  u n l ik e ly  In ' these 
circu m stan ces , bu t i t  cannot be ru le d  o u t a l 'o g e th e r .
In a rece nt a r t i c l e  Reardon and Kropp have suggested th a t a 
ra d ic a l c a t io n  mechanism o f  a d d it io n  to  C=C bonds can occu r under c e r ta in  
Ir r a d ia t io n  c o n d it io n s  ^  * .  They re p o rte d  a d d it io n  o f  a lco h o l 
so lv e n t m olecules across C=C bonds us ing  ra d ia t io n  o f  com p ara tive ly  
s h o rt w avelength ( In  q u a rtz  v e s s e ls ). From th e  typ e o f  products  
o b ta in e d , th ey  suggest the  pathway in  scheme X V III fo r  th e  a lco ho l
*  The ra d ic a l c a t io n  may in  fa c t  be th e  s in g le t  e x c ite d  s ta te  o f  the  
o le f in ,  which is  considered to  be a R y d b e rg - like  s ta te .
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I I  Is  u n c e rta in  whether th e  longer w avelength ra d ia t io n  us<id In 
th e  presen t work would be s u f f i c ie n t ly  e n e rg e tic  to  cause a s im ila r  
e le c tro n  e je c t io n  from  th e  ketone bu t i t  seems u n l ik e ly .  In any 
case, e je c t io n  o f  a non-bonding e le c tro n  from  th e  oxygen would make I t  
p o s i t iv e ly  charged and th is  Is  no t an a t t r a c t iv e  In te rm e d ia te  from 
w hich to  v is u a l is e  fo rm a tio n  o f  a k e t a i .
I t  would th u s  appear th a t no e xp la n a tio n  based on a n a lo g y .w ith  
p re v io us  ob se rva tio n s  and hypotheses In  th e  l i t e r a t u r e  is  e n t i r e ly  
s a t is fa c to r y .  T h e re fo re , a fu r th e r  hyp o the s is  is  suggested. \  >e 
oxygen o f  th e  carbonyl group Is  undoubtedly hydrogen-bonded to  the  
hydroxyl group o f  th e  a lco ho l rro le cu le . The hydrogen w i l l  no t be 
sym m e tr ica lly  loca ted  between the two oxygen atoms invo lved  bu t w i l l  
spend tim e a t  a s i te  near to  one o r  th e  o th e r oxygen atom. P robably 
i t  w i l l  spend more tim e near th e  a lco h o l oxygen than th e  carbonyl 
oxygen s in c e  th is  p o s it io n  w i l l  g iv e  r is e  to  less  charge sep ara tion  
and w i l l  probab ly  be o f  lower energy. On mr* e x c ita t io n  o f  the  
carbony l group, th e  carbony l oxygen becomes e le c tro n  d e f ic ie n t ,  and 
th e  s i t e  fo r  th e  hydrogen atom near to  th is  carbonyl oxygen atom,
may now become o f  low er o r  comparable energy to  th e  s i t e  near to  the 
a lco ho l oxygen atom. Movement o f  th e  hydrogen atom to  t h is  s i t e  
would g iv e  n d ip o la r  complex which cou ld reasonab ly co! lapse back to 
th e  s ta r t in g  m a te r ia ls  o r  to  th e  a d d it io n  p ro du c t.
The above d e s c r ip t io n  is  rendered in  Scheme XIX us in g  a p a r t ia l  






I t  is  suggested th a t  th e  a b s tra c t io n  o f  hydrogen from  th e  hydroxyl 
group o f  th e  a lco ho l, Is  co m p e tit iv e  w ith  the normal crhydrogen 
a b s tra c t io n  o n ly  in  th e  sp e c ia l c ircum stances o f  th e  p re -o rle n te d , and 
p o s s ib ly  e xce ss ive ly -e n e rg ise d , hydrogen-bonded exc ite d  s ta te , A 
re laxe d  e q u il ib ra te d  e x c ite d  s ta te  e v id e n t ly  behaves very  s im i la r ly  to  
f r e e a lk o x y  ra d ic a ls  (see In tro d u c tio n , s e c t io n  D 1 (a ) ) .  There is  a 
weak and no t e n t i r e ly  s a t is fa c to r y  analogy to  the  present hyp o the s is  In 
th e  hypothes is  advanced by T urro  and cow orkers In  exp la n a tio n  o f  the 
quenching o f  2 ,3 -bu ta nd lo ne  1uminescence by phenols Hydroyen
tra n s fe r  from  th e  phenol was proposed as th e  mechanism o f  quenching, 
and I t s  e f f ic ie n c y  was found to  be b e tte r  the g re a te r  th e  e le c tro n  
re le a s in g  power o f  th e  phenol s u b s t i tu e n t.  As hydrogen a b s tra c t io n  
from  phenols by ra d ic a ls  occurs p r e fe r e n t ia l ly  from  th e  hyd roxy l group
-V
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anyway, I t  must be ad m itted  th a t the analogy is  no t p a r t ic u la r ly
8 . Treatment o f  R esu lts
1. Form o f  P re se n ta tio n  o f  R esu lts  and Some Factors A f fe c t in g  
T h e ir  R e l la b i l1ty  
The peak he ig h ts  recorded In  the Experim ental, se c tio n  D, were 
reduced to  percentages o f  th e  sums o f  the peak he ig h ts  o f  th e  id e n t i f ie d  
components. The reason fo r  qu o tin g  th e  p ro p o rtio n  o f  each component 
as a percentage o f  a l l  Id e n t i f ie d  components In  each s o lv e n t,  was to
e l im in a te  c e r ta in  experim en ta l v a r ia b le s . The p r in c ip a l aim  was to
compensate In  s im p le  way f o r  v a r ia t io n s  in  g .c .  a n a ly s is  c o n d itio n s  
( In je c t io n  s iz e , column perform ance, programming r a te , f lo w  ra te , 
d e te c to r  c o n d it io n s ) .  In a d d it io n  va ria n ce  in  the exact i n i t i a l  con­
c e n tra t io n  o f  th e  p h o to ly s is  s o lu t io n s , would be compensated fo r .  
V a r ia t io n s  in  th e  u .v .  lamp o u tp u t ( In te n s it y )  would no t be compensated 
fo r  by th is  procedure o f  cou rse , bu t i t  was cons ide red th a t th is  would 
no t be to o  s e r io u s . In the eve n t, pho to lyses  performed a t d i f f e r e n t
t im es w ith  th e  same re a c tio n  m ix tu res  gave r e s u lts  in  s a t is fa c to r y  
agreement. In s ix  cases s ig n i f ic a n t  d if fe re n c e s  were observed and In 
these cases both se ts  o f  r e s u lts  a re  recorded (see Experimental, se c tio n  
D ). Even In  these cases th e  q u a l i ta t iv e  con c lus io ns  are no t a lte re d  
whichever s e t o f  r e s u its  is  chosen.
T h is  method o f  h a nd ling  th e  experim en ta l da ta has p o te n t ia l draw­
backs which cou ld lead to  erroneous c o n c lu s io n s . The most se riou s  
p o te n t ia l problem Is  th a t  th e re  may be o th e r photoproducts w hich are 
no t e lu te d  from  the g .c .  columns w ith in  th e  tim e In te rv a l th a t th e  
g .c .  reco rd e r is  o p e ra tin g , These a re  then om itte d  from  th e  
summation o f  a l l  th e  peak he ig h ts  fo r  th a t p h o to re a c tio n , thus g iv in g
Ml
the recorded components, percentages g re a te r  than th e  tru e  va lues.
T h is  p o s s ib i l i t y  is  no t regarded as to o  se rio u s  an o b je c tio n  as 
( i )  from  review s o f  th e  f i e ld  o f  ketone photochem istry  2 2 ,3 2 j4 l,1 0 9  
I t  can be seen th a t a l l  th e  commonly documented photoproducts have 
been taken in to  accoun t, and ( H )  I f  th e re  a re  products  unaccounted 
f o r ,  th e  v a r ia t io n  in  th e ir  y ie ld s  from  ketone to  ketone and s o lv e n t 
to  s o lv e n t should r e s u lt  in  o n ly  m inor p e r tu b a t io n s  in  th e  r e la t iv e  
y ie ld s  o f  the id e n t i f ie d  components. A lth ou gh  these arguments can be 
cons ide red reasonab le , th e  p o s s ib i l i t y  o f  e r r o r  a r is in g  in  th is  way 
must be recogn ised.
There a re  two more s p e c i f ic  p o in ts  to  be noted in  con nection  w ith  
the  re s u lts .  The f i r s t  p o in t Is  th a t  the -4 -m e th y l-2 -p en ta no ne  used, 
con ta in ed an im p u r ity  which had a g .c .  re te n t io n  tim e correspond ing  to  
th a t o f  4 -m e th y l-2 -pe n ta no ! under a l l  c o n d it io n s  te s te d . Presumably, 
th e  im p u r ity  „as  t h is  a lc o h o l. As a r e s u lt  no r e l ia b le  e s tim a te  o f 
th e  y ie ld  o f  t h is  p roduct from  th e  p h o to re a c tio n s  o f 2l-m e th y l"2-  
pentanone cou id  be o b ta in e d . The c o n tr ib u t io n  o f  th is  p roduct to  
th e  t o ta l  com position  was th e re fo re  o m itte d . The percentages de rive d  
f o r  a l l  the  o th e r  components o re  th e re fo re  a l l  h ig he r than th e  tru e  
fig u re s  by a sm all a ro u n t. The d iscrepancy m ust, however, be o u ite  
sm all and seems u n l ik e ly  to  have any d is tu rb in g  e f fe c t  on q u a l i ta t iv e  
comparisons o f  be ha v iou r.
The o th e r p o in t re la te s  to  the  p ro p o rtio n  o f th e  acetone produced 
from  a } }  th re e  ketones. As w i l l  be mentioned la te r ,  the  fo rm a tio n  o f 
2-propano l Is  one o f  th e  secondary re a c tio n s  o f  acetone th a t has been 
Id e n t i f ie d ,  Thus th e  peak o f  the  2-p ropano l should be added to  th a t
o f  the  acetone In  o rd e r to  ge t a p rope r e s tim a te  o f  th e  p ro p o rtio n  o f 
Type 11 e l im in a t io n .  However, th e  2-propano l a lm ost In v a r ia b ly  g ives
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r is e  to  a sm all g .c .  peak. In some cases i t  was an i l l - d e f in e d  peak 
and cou ld  no t be s a t is f a c to r i l y  measured. i t  was th e re fo re  f e l t  th a t 
to  om it in c lu s io n  o f  th is  sm all peak { 2-p ro p a n o l) in  a i l  cases would 
be th e  be s t procedure and would have no g re a t e f fe c t  on th e  re s p e c tiv e  
acetone y ie ld s  fo r  com parative purposes.
in  some s o lv e n ts  com plete pro du c t a n a ly s is  cou ld  no t be performed 
fo r  one reason o r  anothe r (e .g . o v e r la p  o f  s o lv e n t peak w ith  product 
peak under the  chosen g .c .  o p e ra tin g  c o n d it io n s ) .  in  these c ircu m ­
stances th e  general procedure fo r  p re s e n ta t io n  o f  da ta cou ld no t be 
fo llo w e d  and l im ite d  con c lus io ns  a re  drawn th e re fo re  from  s im p le  com­
pa riso ns  o f  peak he ig h ts  f o r  c e r ta in  compounds o f  in te r e s t .
The re s u lts  from  the  pentadiene-quenched and sh o rt-te rm  Ir r a d ia t io n s  
a re  a ls o  presented In  a l im ite d  form . The peak h e ig h ts  o f  two 
products  o f  in te r e s t  (acetone and s u b s t itu te d  c y c lo b u ta n o i) a re  g iven 
o n ly  as, w ith  th e  low  degree o f  con ve rs ion  c h a r a c te r is t ic  o f  these 
experim en ts , th e  p ro p o rtio n  o f  re s id u a l ketone cou ld  n o t be r e l ia b ly  
measured.
The presence o f  d is so lve d  a i r  In  th e  s o lu tio n s  d id  no t appear to  
a f fe c t  th e  re s u lt s ,  s in ce  experim ents perform ed w ith  n itro g e n -  
s a tu ra te d  and a ir - s a tu ra te d  s o lu tio n s  gave ve ry  s im i la r  re s u lts  (Table IX 
page 88) .  T h is  Is  In l in e  w ith  th e  f in d in g s  o f  G u ll l e t  and coworkers 
who found no change in  th e  quantum y ie ld s  o f  re a c tio n  when a s e r ie s  o f  
2-a lkanones were photo lysed under n itro g e n  Instead o f  In  a i r  
Thus no v a r ia t io n  o f  re s u lts  due to  v a r ia b le  p ro p o rtio n s  o f  d isso lve d  
a i r  should occu r.
2 • E f fe c t o f  th e  P h o to k e ta l)z a tio n  R eaction on th e  A n a ly s is  o f  
th e  R esu lts
The d isco ve ry  o f  th e  g e n e ra l i ty  o f  the  p h o to k e ta liz a t io n  re a c tio n  
was made a t  a la te  s tage in  the  pre sen t work. Thus w h ils t  i t  was o f

con s ide ra b le  in te r e s t ,  I t  was not p o s s ib le  to  th o ro u g h ly  e xp lo re  I ts  
s ig n if ic a n c e  in  regard to  the  presen t work and to  make p re c ise  
es tim a tes  and a llow ances fo r  k e ta l fo rm a tio n  by re p e a tin g  a l l  o f  the 
analyses under m o d if ie d  c o n d it io n s . As c a re fu l an assessment as 
p o ss ib le  was th e re fo re  made o f  I t s  expected Impact on th e  a n a ly s is  and 
in te r p r e ta t io n  o f  th e  re s u lts .
(a ) Comparison o f  th e  p h o to re a c tio n s  o f  the  va rio u s  ketones 
Only ex trem e ly  l im ite d  da ta bearing  on t h is  p o in t Is  to  hand, bu t
th e re  a re  no grounds fo r  suggesting  th a t s ig n i f ic a n t  d iffe re n c e s  e x is t  
in  th e  e x te n t o f  k e ta l fo rm a tio n  undergone by th e  th re e  ketones on 
i r r a d ia t io n  In  a p a r t ic u la r  a lc o h o l. Hence comparisons o f  the 
re s u lts  o b ta in ed  fo r  th e  th re e  ketones w hich In v o lv e  es tim a tes  o f the 
re s id u a l ketone a n d /o r acetone should be v a l id .
(b ) Comparison o f  th e  p h o to rea c tion s  In  th e  va rio u s  so lve n ts  
The problem  here Is  p o te n t ia l ly  fa r  more se rio u s  s in ce  th e  ex ten t
o f  k e ta l fo rm a tio n  Is  a p p a re n tly  In flu e n ce d  q u ite  s ig n i f ic a n t ly  by the 
na tu re  o f  th e  a lc o h o lic  s o lv e n t. Hence comparisons in v o lv in g  th e  
amount o f  re s id u a l ketone a n d /o r th e  product acetone must be tre a te d  
w ith  ca re . As w i l l  be d iscussed la te r  In  th e  re le v a n t s e c t io n s , 
however, a llow ance fo r  th e  In flu e n c e  o f  ke ta l fo rm a tio n  would In  fa c t 
serve o n ly  to  accentua te  the q u a l i ta t iv e  tren ds  w hich a re  observed in  
the presen t re s u lts .
C. Comparison o f the Behaviour o f  th e  D if fe r e n t  Ketones
1. E xten t o f  R eaction and Quantum Y ie ld
The p ro p o rtio n  o f  re s id u a l ketone may be taken as a measure o f 
th e  e x te n t and quantum y ie ld  o f  t o ta l  re a c tio n  assuming comparable 
p h o to ly s is  c o n d it io n s  In  a l l  cases. Any ke ta l fo rm a tio n  by th e  ketone 





ke ta l fo rm a tio n  expected fo r  a l 1 th re e  ketones. "h e  re s u lts  in  
Tab les X to  XI t (pages 90 to  92) in d ic a te  th e  fo llo w )  r.g o rd e r o f  
p h o to re a c t iv i ty  in  a l l  so lve n ts  s tu d ied  .
2-pentanono > 4 -m ethy l-2 -pentanone > 2-hexanone 
T h is  o rd e r is  in  accordance w ith  exp ec ta tio n s  based on th e  a v a ila b le  
l i t e r a t u r e  re p o r ts .  For example, some to ta l  quantum y ie ld s  fo r  
2-pentanone and 2-hexa lone pho to lyses  th a t have been rep o rted  a re  in  
Tab le  X I I I .
Tab le  X I11 L i te r a tu re  values o f  to ta l quantum y ie ld s  f - r
2-pentanone and 2-hexanone
Ketone T o ta l quantum y ie ld  o f  re a c tio n S o lven t Reference
2-Pentanone 0,39 hexane 28
2-Pentanone 0,42 hexane 10
2-Hexanone 0,33 hexane 28
2-Hexanone 0,33 pentane 17
The n a tu re  and number o f  th e  a v a i la b le  y-hydrogen atoms p ro ba b ly  
account fo r  th is  o rd e r . Thus th e  secondary n a tu re  o f  th e  y-hydrogens 
in  2-hexanone w i l l  lead to  more s in g le t  p a r t ic ip a t io n  (see In tro d u c tio n ; 
se c tio n  03 ( b ) ) , and thus a lower quantum y ie ld  o f  re a c tio n  than
2-pentanone w hich has o n ly  p rim ary  x-hyd rogen atom s. S im i la r ly ,  
th e  g re a te r  number o f  p rim ary  y-hydrogens o f  4 -m ethy l-2 -pentanone as 
compared to  2-pentanone w i l l  promote y-hydrogen a b s tra c t io n , thus 
g iv in g  r is e  to  g re a te r  s in g le t  p a r t ic ip a t io n  and s im ila r  consequences.
*  A s im i la r  sequence Is in d ic a te d  by the sum o f  the y ie ld s  o f 
acetone and e y c lo b u ta n o l.
I t  Is  ev id e n t from  th e  present re s u lts  th a t  th e  va rio u s  so lve n t 
e f fe c ts  rep o rte d  in  th e  l i t e r a t u r e  and observed in  th is  work do not 
s e r io u s ly  p e r tu rb  th e  in t r i n s i c  d iffe re n c e s  between th e  th re e  ketones. 
Thus support is  g ive n  to  the  c u rre n t l i t e r a t u r e  in te r p r e ta t io n s  o f 
s t ru c tu ra l e f fe c ts  on th e  quantum y ie ld  o f  alkanone p h o to ly s is .
2 . S in g le t and T r ip le t  S ta te  C o n tr ib u t io n s
A few photo-quenching experim ents were perform ed using th e  t r i p l e t  
quencher c is -1 ,3 ~ pe n ta d ie ne . Fo llow ing  th e  re p o rt o f  excess penta- 
d lene causing some quenching o f  th e  s ln g l& t s ta te  ^  and th e  tendency 
o f  rece n t researche rs  to  use quencher c o n ce n tra t io n s  comparable
to  the ketone c o n c e n tra t io n , a quencher co n c e n tra t io n  o f  0,15M 
(versus 0,23M fo r  th e  ketone) was used. Wagner and Hammond found 
th a t  a S tern-Vo lm er p lo t  o f  unquenched/quenched quantum y ie ld s  versus 
quencher (1 ,3 -p en ta d ien e ) co n ce n tra tio n  fo r  2-pentanone In  hexane, 
o n ly  reached a l im i t in g  va lue  o f  about 8 ,3  a t 8M quencher 10. For 
0 , 15M quencher th e  r a t io  o f  unquenched to  quenched quantum y ie ld s  was 
o n ly  3 ,5 - S im ila r ly  w ith  2-hexanone th e  re le v a n t r a t io s  were 2,4 a t 
8M quencher and 1,6 a t 0,15M quencher co n c e n tra t io n . Thus even 
though t r i p l e t  quenching was probab ly  Incom plete in  th e  pre sen t e x p e r i­
ments, r e l ia b le  q u a l i ta t iv e  comparisons o f  the  r e la t iv e  p ro p o rtio n s  o f  
t r i p l e t  c o n tr ib u t io n  to  th e  to ta l  p h o to re a c tio n  o f  th e  d i f f e r e n t  
ketones shou ld  be p o s s ib le ,
The lim ite d  r e s u lts  do p e rm it approxim ate de ductions concern ing 
the r e la t iv e  c o n tr ib u t io n s  o f  th e  s in g le t  and t r i p l e t  s ta te s  in  the  
p h o to rea c tion s  o f  2-pentanone and 2-hexanone ( th e  peaks assigned to  the  
c y c lo b u ta n o ls  cou ld  no t be c le a r ly  observed In  th e  quenching experim ents 
o f  4 -m e th y l-2 -pe n ta no ne ). From the  re s u lts  presented In  Tab le  VI I t  
can be seen th a t th e  product y ie ld s  In  th e  presence o f  quencher are 
fa r  lower than in  th e  absence o f  quencher. I t  is  a ls o  n o tic e a b le  th a t
th e  cyc lob u ta no l y ie ld s  a re  p a r t ic u la r ly  g re a - ly  d im in ishe d  and, as 
shown In  th e  ta b le  below, t h is  g ive s  r , „e  ' j  g re a te r  a ce to n e /cyc lo -  
bu tanol r a t io s  than found in  th e  a b se n r, o f  quencher. T h is  is  in  
l in e  w ith  l i t e r a t u r e  re p o rts  th a t cyc lo b u ta n o l Is  p re dom inan tly  a 
t r i p l e t  s ta te  product w h ils t  acetone is  formed from  both s ta te s .
Tab le  XIV A ce to ne /cyc lob u ta no l r a t io s  o f  quenched, unquenched
and s h o rt-te rm  ph o to lyses o f  2*pentanone and 2-hexanone
So lven t Ketone b Quenched Unquenched S hort- term
" N u jo t" 5,5 1,0 -
2 ,3 0,96 -
Methanol 7,3 1,7 1,7
3,8 2,1 C -
2 - 0cta no l 11,8 2 ,6 2,9
4 ,3 -
Hexadecane 6,7 1,0 1,4
Ethanol 3,0 1,2 t,B
Cyclohexancl 4,1 2 ,2 1,3 d
Hexane 2P - 1,0 C 1,6  d
1-Heptanol 2P - 1,1 1 ,2
1-Decanol - 1,6 3,3
1,2 -P ropand io l . - 1,8 1,3
a) r e s u lts  de rive d  from  da ta  In Tables VI and V II 
I,) 2P ™ 2-pentanone, 2H “  2-hfjxanono
c )  average from  both se ts  o f  r e s u lts  In Tab les I to  IV
d) approxim ate
In th e  case o f  2-pentanone the  ace tcm e/cyc lobu tano l r a t io  Is  
about f i v e - f o ld  g re a te r  in  the  quenchea as compared to  th e  unquenched 
p h o td y s e s , w h ils t  In th e  case o f  2-hexanone th e re  is  rou gh ly  a two­
fo ld  d if fe re n c e  (Table X IV ). On th e  ba s is  o f  th ie  a d m it te d ly  l im ite d  
d a ta , th e  o rd e r o f  decreas ing  t r i p l e t  c o n tr ib u t io n  is :
2-pentanone > 2-hexanone 
As noted in  th e  pre v io us  s e c t io n  t h is  is  in  acco rd  w?th l i t e r a t u r e  
re p o rts  reg a rd in g  these two ketones (see Tab le  XV be low ).
Tab!e XV L i te r a tu re  va lues o f  s in y le t  and t r i p l e t  quantum y lu ld s  
o f re a c tio n  fo r  2-pe n ta ro ne  and 2-hexanone
Ketone
Quantum y ie ld  o f
S o lven t ReferenceS in g le t T r ip le t
2-Pentanone 0,03 0,36 hexane 28
2-Pentanone 0,05 0,38 hexane 10
2-Hexanone 0,10 0,23 hexane 28
2-Hexanone 0,11 0,23 pentane 17
Again i t  may be noted th a t  th e  presen t re s u lts  e s ta b lis h  th a t 
th e  p ro p o rtio n  o f  s in g le t  and t r i p l e t  s ta te  re a c tio n  is  a p ro p e rty  
a t le a s t p r im a r ily  c h a r a c te r is t ic  o f  a g iven ke tone, and th a t i t  is  
l i t t l e  a f fe c t td  by th e  na tu re  o f  the  so iv e n t.
A few s h o r t-te rm , unqucnched ir r a d ia t io n s  were perform ed to  
e s ta b lis h  than th e  d iffe re n c e s  between th e  quenched and unquenched 
ace to nc /cyc lo bu tan o i ra t io s  were no t due to  th e  much sm a lle r e x te n t 
o f  re a c tio n  In  th e  quenched ph o to re a c tio n  experim en ts . In Tab le  XIV, 
th e  ace to ne /cyc lob u ta no l r a t io s  fo r  the  unquenched s h o rt-te rm  and lon g ­
te rm  ir r a d ia t io n s  a re  compared. The ra t io s  from  th e  sh o rt-te rm
I r r a d ia t io n s  are s l i g h t l y  h ig h e r than those from  th e  unquenched lon g­
term  ir r a d ia t io n s  bu t I t  can be seen th a t th ey  d i f f e r  m arked ly from  
th e  ra t  I ra  from th e  lo n g -te rm  quenched i r r a d ia t io n s .  I t  thus 
appears th a t  w h ils t  th e re  a re  small changes in  th e  ace to ne /eyc lo bu tan o l 
r a t io  w ith  the  extenv o f  con ve rs ion , t h is  is  no t an e x p la n a tio n  o f 
th e  r e s u lts  o b ta in ed  In  th e  lo n g -te rm  quenched I r r a d ia t io n s .
3. Acetone and C yclobutano l Y ie ld s
Ir re s p e c t iv e  o f  th e  v a r ia t io n  in  th e  r e la t iv e  y ie ld s  o f  the  
products  due to  s o lv e n t v a r ia n c e , th e re  a re  c o n s is te n t d iffe re n c e s  
between 2-pentanone and 2-hexanone on th e  one hand and 4 -m e th y l-2 -  
pentanone on the o th e r  (see Tables X -X U ) . The o rd e r o f  acetone 
y ie ld s  amongst the th r t e  ketones In  bo th hydrocarbon and a lco ho l 
media is :  *
4 -m e th y l-2-pentanone > 2-pentanone > 2-hexanone 
w h i ls t  th e  o rd e r o f  c yc lo b u ta n o l y ie ld s  Is :
2-pentanone > 2-hexanone > 4-m e th y l-2-pentanone
An exp la n a tio n  fo r  these two d i f f e r e n t  o rd e rs , may be g iven !n  
terms o f  th e  n a tu re  and number o f  th e  y-hydrogen atoms, and s te r lc  
e f fe c ts  on th e  In te rm e d ia te  1,4 -b lra d ic a l behav iou r.
( I )  The secondary na tu re  o f  th e  y-hydrogens o f 2-hexanone leads 
to  a g re a te r  s in g le t  c o n tr ib u t io n  r e la t iv e  to  2-pentanone 
(w ith  p rim ary  y h y d ro g e n s ) . S ince th e re  Is  more e f f i c ie n t  
re a c tio n  from  th e  t r i p l e t  s ta te  ( e s p e c ia lly  In  regard to  
cyc lob u ta no l fo rm a tio n  2 7 ,2 8 ,4 ^  ^  | s no t s u rp r is in g  th a t
ft The o rd e r fo r  th e  e lim in a t io n  In  the gas phase Is  2-hexanone > 4 -  
m ethy l-2 -pen tanone > 2-pentanone 7 f6 9 ,1 l<7i T h is  change is  
presumably connected w ith  th e  g re a t ly  Increased Type I re a c tio n  
quantum y ie ld  In  th e  gas phase.
t -
i  * ' 2 -pentanone g ive s  g re a te r  acetone and cyc lob u ta no l y ie ld s
than 2-hexanone.
( I I ) The increased number o f  p rim ary  y-hydrogens In  4 -m e th y l-2 -  
pentanone as compared to  2-pentanone, should g ive  r is e  to  a 
g re a te r  p ro p o rtio n  o f  s in g le t  re a c tio n  in  th e  fo rm er case.
In a d d it io n ,  on account o f  the d i f f e r in g  s te r lc  requirem en ts 
o f  th e  b ira d lc o l con fo rm ations th a t  lead to  e l im in a t io n  and 
c y c l iz a t lo n  (see In tro d u c t io n , se c t io n  D 2 (c )), g -s u b s tltu e n ts  
lead to  a pre fe ren ce  fo r  e l im in a t io n  ove r c y c l iz a t lo n  
T h is  e f fe c t  has been rep o rte d  fo r  a ry l a lk y l ketones bu t 
presumably is  a ls o  o p e ra tiv e  fo r  d ia ik y l  ketones. Hence k -  
m e th y I-2-pentanone cou ld indeed g iv e  th e  h ig h e s t acetone and 
low est cyc lob u ta no l y ie ld s  o f  th e  th re e  ketones.
The r e la t iv e  m agnitudes o f  the  ace to ne /cyc!o bu tan o) r a t io  f o r  these 
th re e  ketones a re  th e re fo re  more o r  le s s  as expected (4 -m e th y l-2 -  
pentanone > 2-hexanone > 2 -pen tanone). However, they a re  s m a lle r  than 
those rep o rte d  In  th e  l i t e r a t u r e  fo r  2-pentanone and 2-hexanone 
(Table X V I).
Table XVI A ce to ne /cyc lob u ta no l r a t io s  f o r  2-pentanone and 2-hexanone





2 .2  (neat -  r e f .  14)
2 .3  ( In  pentane -  r e f .  17)
The e x te n t o f  con ve rs ion  may be a fa c to r  here because, as noted b e fo re , 
the  ace to ne /cyc lob u ta no l r a t io s  fo r  the  s h o r t-te rm  ir r a d ia t io n s  a re  on 
th e  average h ig h e r than those ob ta in ed fo r  th e  lon g -te rm  i r r a d ia t io n s .  
Secondary re a c tio n s  o f  th e  acetone seem a l i k e l y  exp la n a tio n  o f  these 
d iffe re n c e s  and though 2-propano l was accounted fo r  (see next s e c t io n )
o th e r p o s s ib le  photop roducts  from  acetone were n o t. These o th e r 
p ro du c ts  cou ld  d e r iv e , f o r  example, from  co u p lin g  o f  the  Z -hydro xy -2 - 
p ro py l ra d ic a l w ith  any o f  the  o th e r  ra d ic a ls  in  th e  re a c tio n  system ^  
as w e ll as the p h o to k e ta lIz a tio n  a lre a d y  d iscussed . The low ace to ne / 
cyc lob u ta no l ra t io s  found in  th e  presen t experim ents a re  thus e a s i ly  
e x p la in e d , a lth ou gh i t  is  no t p o s s ib le  to  c o n firm  th e  exp la n a tio n  
w ith o u t fu r th e r  experim en ts . 11 seems u n l ik e ly  th a t these recondary 
re a c tio n s  would a f fe c t  any q u a l i t a t iv e  com parisons however.
4 . Photoreduction
P hoto red uc tio n  o f  th e  pa ren t ketone and, to  a sm all e x te n t,  the  
e lim in a te d  ace tone , was observed In  a l l  experim en ts . I t  was p o in te d  
ou t In  th e  In tro d u c tio n  th a t p h o to red uc tio n  Is  a t r i p l e t  s ta te  process. 
However, in  th e  quenching experim ents i t  was seen th a t some red uc tio n  
o f  both th e  ketone and the  acetone s t i l l  occu rred  in  a l l  cases. Most 
l i k e l y  t h is  Is  from  some unquenched t r i p l e t  re a c tio n  (see D iscuss ion , 
s e c t io n  C2), a lth o u g h  p h o to re d u c tio /i from  th e  s in g le t  s ta te  Is  a 
p o s s lb ll 1 t y .
The observed percentages o f  the  p h o to red uc tio n  product from  two o f 
th e  ketones are  summarised in  Tab le XVII ( th e  li-m e th y l-2 -p e n ta n o l from 
4"m ethy l-2 -pen tonone cou ld no t be de term ined (see D iscuss ion , se c t io n  
5 ( 1 ) } ,  and are  iae n to  f a l l  in  th e  sequence:
2-pentanone > 2-hexanone
i . e .  th e  same o rd e r as fo r  to ta l  re a c tio n  and presumably th a t o f  
decreas ing  t r i p l e t  c o n tr ib u t io n .
Table XV II Y ie ld  o f  reduced ketono as a percentage o f  th e  products  
in  p h o to re a c tio n  m ix tu res




"N u jo l" 26 6
Methanol 4 1
Ethanol 35 5
2- 0c ta n o i 28 0,4
f-Decanoi 24 4
a) from  2-pentanonc; de rive d  from  da ta  in  Tab le I
b) f r o r  2-hexanone;from  Tab le IV
Secondary p h o to red uc tio n  o f  th e  e lim in a te d  k 'to n e  ( in  th e  present 
experim en ts ,ace tone g iv in g  2-p ro p a n o l) is  to  be expected and indeed 
has been rep o rted  In  th e  l i t e r a t u r e  In th e  sh o rt-te rm
ir r a d ia t io n s  th e  amount o f  2-propano l produced was very  small as would 
be expected i f  i t  is  a secondary r e js t io n  p ro du c t. Three experim ents 
in  which acetone  was I r ra d ia te d  in  hexane, 1, 2-e th a n d io l and
1-decanol showed th e  f e a s ib i l i t y  o f  t h is  In te r p re ta t io n .  A t a h igh 
con vers ion  o f  ace tone , 2-propanol and a number o f  fu r t h e r  (unknown) 
products  were seen on gas chrom atog raph ic  sep a ra tio n  o f  th e  m ix tu re . 
However, th e  2-propano l y ie ld  from  these ir r a d ia t io n s  was always a t 
le a s t equal to  the  to ta l  y ie ld s  o f  the  unknown pro du c ts . Some o f  these 
unknown products  were e ls e  d e te c ta b 'e  in  th e  g .c .  trace s  o f a few 
ph o to lysa te s  p re v io u s ly  ob ta in e d . Presumably th e y  correspond to
J fc < f - . l
com bination o f  the  2~hyctroxy-i p ro py l ra d ic a l w ith  s o lv e n t-d e r iv e d  
ra d ic a ls .
The y ie ld  o f  2-p ropano l in  th e  ph o to fya a tes  from  2 - pentanone,
4 -m cth )1-2-pentanon& and 2-hexanone was always sm all and I t s  
p ro p o rtio n  v a r ie d  l i t t l e  from  one case to  an o the r.
0. Comparison o f  th e  E f fe c ts  o f  th e  D if fe r e n t  So lvents
1. P o la r i ty  and Chemical N ature o f  the So lvent
(a) E xten t o f  ph o to rea c tion  
G rea te r to ta l  re a c tio n  quantum y ie ld s  are expected In  more p o la r 
S o lve n ts , a lth ou gh th e  e f fe c ts  rep o rte d  a re  not la rg e  fo r  alkanones
(see In tro d u c t io n , s e c t io n  E2). Acco rd ing  to  Wagner and coworkers
She e f fe c t  way be re la te d  to  the  b a s ic i t y  o f  th e  so lv e n t ra th e r 
than I t s  p o la r i t y  as measured by th e  e le c t r o n e g a t iv i ty  o r  d ip o le  
moment. A fa c to r  co m p lica tin g  th r  comparisons is  th e  v a r ia t io n  In 
th e  r e la t io n  between quantum y ie ld  and I r r a d ia t io n  tim e In  d i f f e r e n t  
s o lv e n ts . For examplei In  th e  case o f  vale rophenone, th e  quantum 
y ie ld  d im in ishe s  a t convers ions g re a te r  than 20% when th e  re a c tio n  Is 
c a r r ie d  ou t in  1-propano l bu t In  benzene s o lu t io n  i t  o n ly  d im in ished 
a t convers ions o f  g re a te r  than 75% In th e  presen t work,
convers ions o f  around 6G% were ach ieved In  th e  i r r a d ia t io n  tim e used 
and t h is  would suggest th a t th e re  may be a la rg e r  decrease In  quantum 
y ie ld s  fo r  th e  I r r a d ia t io n s  c a r r ie d  o u t In  a lco ho l so lve n ts  as com­
pared to  hydrocarbon so lv e n ts . However, comparlsv. > o f  th e  ex ten t 
o f  re a c tio n  as measured In  th e  pre sen t work should ba o n ly  m oderate ly 
In flue nce d  by such quantum y ie ld  v a r ia t io n s .
Taking the  rem ain ing ketone i s  a measure o f  th e  to ta l  ex ten t 
o f  re a c tio n , i t  can be seen from  th e  data In  Tab le  XVI11 below th a t 
the  ex te n ts  o f  re a c tio n  are g re a te r  In th e  a lco h o l so lve n ts  f o r  a l l  th re e  
ketones. The same e f fe c t  is  shown by th e  sums o f  the acetone and
cyc lob u ta no t y ie ld s ,  these be ing  th e  product y ie ld s  o f  p r in c ip a l 
in te re s t .
Tabl e XVI11 Average r e s u lts  fo r  th e  e x te n t o f  photoi ca c t io n  o f  th e  




re s id u a l ketone
Percentage acetone + 
cyc lobutano l
4M2P 2H ' 21’ 4M2P 2H
49 61 71 33 V 30
42 46 67 39 51 32
a) 2P ”  2-pentanone, 4M2P ”  4 -m ethy1-2-pentanone, 2H 2~hexanone; 
da ta  taken from  Tab les X to  X II
A word o f  c a u tio n  should be added because th  decrease In  p ropo r­
t io n  o f  re s id u a l ketone in  th e  a lco h o ls  cou ld  be p a r t ly  due to  
ku te l Iz a t lo n  o f  the  ke tu .ie . 'lowever, th e  average p ro p o rtio n  o f 
re s id u a l ketone fo r  I r r a d ia t io n s  in  long and s h o rt cha in  a lc o h o ls  Is 
g ive n  and s in ce  ph o toke ta?'z a t lo n  would appear to  be much less 
e f f i c ie n t  f o r  long cha in  a lc o h o ls  (see D iscuss ion , se c t io n  A ), th e  
p e r tu rb in g  In flu e n c e  o f  t h is  phenomenon would be a tte n u a te d . 
Furtherm ore the  same tren ds a re  in d ic a te d  by th e  sum o f  th e  acetone 
and cyc lob u ta no l y ie ld s .
As a r e s u lt  o f  these co n s id e ra tio n s , Iv. is  b e lieve d  th a t these 
q u a l i ta t iv e  In d ic a t io n s  o f  p o la r i t y  e f fe c ts  are probab ly  r e l ia b le .
(b) Acetone and cyc lob u ta no l y ie ld s
Several au thors  have shown th a t bo th acetone and cyc lob u ta no l
prev ious se c t io n  ( a ) ) .  These au thors  show (o r Im ply) th a t th is  Increase 
In  y ie ld  w ith  p o la r i t y  Is  fa r  g re a te r  fo r  the e lim in a t io n  product than
!the  c y c l iz a t io n  p ro du c t. The da ta  shown in  Tab le XIX below support 
th is  b e l ie f :  indeed w ith  2-pentanone and 2-hexanone, th e  average
! eyc lo bu tan o l y ie ld s  a re  id e n t ic a l (w ith in  experim en tal e r r o r )  in
hydrocarbon and a lco h o l m edia. The e f fe c t  o f  so lv e n t p o la r i t y  m lgh'
\ be more pronounced th e  g re a te r  th e  t r i p l e t  c o n tr ib u t io n  to  product
! : f t irm a tlo n , s in c k  p o la r i t y  e f fe c ts  a p p a re n tly  op e ra te  o n ly  on t r i p l e t
s ta te  re a c tio n s . The ace tone y ie ld  da ta in  Tab le XIX, a re  c o n s is te n t 
w ith  t h is ,  the percentage d if fe re n c e  between th e  y ie ld s  In  a lco h o ls  
and in  hyd ro ra rbo rs  fo llo w in g  th e  tre n d  expected from  th e  above con­
s id e ra tio n s  (see a lso  D iscuss ion , se c t io n  C l(a ) ) .
Tab le XIX Average percentages o f  acetone and cyclobuCshol from  
th e  photo]yses o f  th e  th re e  ketones a in  s o lve n ts  o*
, , t, , d i f f e r e n t  types
S olvent type
Percent acetone Percent tiyc lob u ta no l
2P 4M2P 2H 2P 4H2P 2H
hydrocarbons 17 28 16 16 9 14
A ' c o w ls 24 38 19 15 13 13
% O K fe ren ce 41% 36% 27%
a )  2P =  2-pentanone, 4M2P D° 4 -m eth y l-2 -pe nta no ne , 2H =  hexanone;
da ta  from  Tab les X to  X II 
For the a lco h o l s o lve n ts  any phoi/ikecel iz a t lo n  w i l l  decrease th e ,  
acetone y ie ld  (un less th is  ke ta l e lu te s  w ith  th e  acetone under th e  g .c .  
a n a ly s t  c o n d it io n s  used). Thus th e  % d if fe re n c e  In  T ab lv  XIX may 
be even ‘ H g h t ly  la rg e r -  i f  th e  exact amount o f  ph otoke ta l Iz a t io n  
were known th is  cou ld  be a llow ed fo r .  Wagner says th a t he o b ta i .. , 
th e  same quantum y ie ld s  fo r  Type 11 re a c tio n  o f  valerophenone in
tw e lve  hydrocarbons and a ls o  in  f i v e  prim ary  a lco h o l s o lve n ts  -  bu t 
th e  hydrocarbons gave a low er quantum y ie ld  than th e  p rim ary  a lco h o ls  
In th e  presen t w ork, id e n t ic a l y ie ld s  o f ace tone were no t ob ta in ed 
from  a g ive n  ketone in  d i f f e r e n t  hydrocarbons o r  in  d i f f e r e n t  
prim ary a lc o h o ls  (see Tab les X to  X I I } .  The y ie ld s  were, however, 
c lo s e  enough fo r  average f ig u re s  to  be quoted In  Tab le X IX . T h is  
may be 9 p o in t o f  d if fe re n c e  between a ry l a lk y l ke to iK s  and d ia lk y l  
ke tones.
comparison o f r e s u lts  in  hydrocarbon and a lco h o l media may a lso  
be made th rough th e  r a t io  o f  y ie ld s  o f  acetone to  c y c lo b u ta n o l, 
a lth ou gh  from  th e  l i t e r a t u r e  re p o rts  i t  is  e v id e n t th a t t h is  Is  a 
less  s e n s it iv e  in d ic a to r  o f  e f fe c ts .  T h is  r a t io  should be g re a te r  
in  th e  a icoho I s o lve n ts  than in  th e  hydrocarbon s o lve n ts  and th is  
e xp e c ta tio n  is  con firm ed by the  da ta  from  th e  presen t work in  
T ab le  XX below. Some d if fe re n c e  between prim ary  and secondary 
a lco h o ls  is  weakly e v id e n t bu t w ith  th e  l im ite d  r e s u lts  a v a ila b le  no 
f 1rm co n c lu s io n  can be reached on th is .
Tab le  XX A ce to ne /cyc lob u ta no l r a t io s  o b ta in ed  from  ph o to lyses o f  
th e  th re e  ketones In d i f f e r e n t  s o lv e n ts  a .
Ketone
Solvent
2-Pentanone 4-M eth y l- 2-pentanone 2-Hexanone
Hydrocarbons
Hexane 1,0 b 3,3 b 1,1
Dodecane 1,2 3,7 -
Hexadecane 1,0 4,1 1,3
"N u jo l" 1,0 1,9 0,96
Average 1,0 3,2 1,1
Prim ary A lco h o ls  
Methanol 1,7 5 ,7  b 2,1 b
Ethanol 1,2 2 ,3  b 1,5






Average 1,3 3,6 1,7









Average 1,9 (7 ,3 2 ,1 )
M isce llaneous
1,2 -E th an d lo l 0,49 0,44
1,2 -P ro pa nd lo l 1,8 3,2 3,4
1 ,3-Propand io i 




a) de rived from  data In Table? I to  IV o r  Tobies X to  X II
b) average from  both • .?ts o f  re su ? V  c) la rg e
W * " "
In summary the  presen t r e s - I t s  a re  c o n s is te n t w ith  exp ec ta tio ns  
based on l i t e r a t u r e  re p o rts  and hypotheses bu t because o f  a v a r ie ty  
o f  p o s s ib le  c o n tr ib u t in g  e f fe c t s ,  i t  would be unwise to  regard the  
presen t r e s u lts  as p ro v id in g  unambiguous support fo r  l i t e r a t u r e  
hypotheses.
(c ) P h o toreduction  
As shown in  Tab le  XXI below th e  amount o f  p h o to red uc tio n  o f  
2-pentanone was s l i g h t l y  g re a te r  in  a lco ho l than in  hydrocarbon 
s o lv e n ts  on average, a lth ou gh  th e re  a re  exce p tio ns .
Tab le  XXI P ro p o rtio n  o f p h o to re d u c tio n  o f  2-pentanone in  d i f f e r e n t  
s o lve n ts  3




"N u jo l" 26
Methanol 4
Ethanol 35




2-0 c tan o ] 28
2 , 6-D i m ethyl-^i-heptano? 9
1-Decanol 2k
1-Dodecanol 24
1 ,2-E thand io l 31
1,2 -P ropand io l 25
Cyclohexanol 59
Benzyl a lcoho l 50 b
a) de rive d  from  data In  Tables I and I I
b) approxim ate
T his  would be expected as a lc o h o ls  are  known to  be b e tte r  hydrogen 
atom donors to  r a d ic a ls ,  due to  th e  g re a te r  s t a b i l i t y  o f  a -hydroxy- 
a lk y !  ra d ic a ls  as compared to  s im p le  a lk y ]  ra d ic a ls .
The Im portance o f  the  s t a b i l i t y  o f  the  s o lv e n t ra d ic a l in  regard 
to  th e  e x te n t o f  ketone p h o to red uc tio n  is  p a r t ic u la r ly  w e ll i l lu s t r a te d  
by th e  fo llo w in g  o b se rva tio n s  from  Tab le XXI.
( I )  Benzyl a lco ho l d id  no t produce enough re a c tio n  fo r
a ccu ra te  measurements, b u t th e  2-pen tano l peak was th e  
predominant one -  In accordance w ith  th e  p a r t ic u la r ly  
s ta b le  ch a ra c te r  o f  th e  benzyl ic  ra d ic a l formed.
(11) There is  a g re a te r  p ro p o rtio n  o f  2-pen tano l formed in
I r r a d ia t io n s  o f  2-pentanone in  secondary a lco h o l so lve n ts  
as compared to  p rim ary  a lco h o l s o lv e n ts .
( H i )  There Is  l i t t l e  hydrogen a b s tra c t io n  ( i . e .  2-pen tano l 
fo rm a tio n )  from  2 -m eth yI- 2 - propanol which has no 
e-hydrogen atoms 1^
The y ie ld  o f  2 -p en tano l appears inc rea se w ith  in c re a s in g  hydro­
carbon cha in le n g th . The 2 -p en tano l y ie ld  In  "N u jo l"  Is  comparable 
to  th a t In  th e  long chn in  a lc o h o ls  -  as would be expected, A 
p o s s ib le  exp la n a tio n  is  suggested in  th e  next se c t io n  (D iscu ss io n , 
se c tio n  02 ).
The o x id a t io n  (hydrogen a b s tra c te d ) p ro du c ts  o f  th e  so lve n t 
formed n i t h  the ketone p h o to red uc tio n  product were not g e n e ra lly  sought 
fo r .  Two o b se rva tion s  were made, however, F i r s t ly ,  In  the case o f
2-propano l as s o lv e n t,  th e  abnormal l y  h ig h  ace to ne /cyc lob u ta no ! r a t io  
(Table XX) o r  acetone y ie ld  (Taule I I )  Is  presumably due to  th e  forma­
t io n  o f  a d d it io n a l acetone by o x id a tio n  o f  th e  2-propano l 
(e .g . F i t t s  ^ ® ) .  Secondly, e thana l was Id e n t i f ie d  In the
ph o to lysa te s  o f  a l l  th re e  ketones In  ethano l and 1,2 -e th a n d io i,
Ethanal is  o f  course a p o s s ib le  Type I p h o to ly s is  p roduct from  
a i l  th re e  ke tones, bu t I t  is  o n ly  in  these two so lve n ts  th a t a 
s ig n i f ic a n t  amount is  o b ta in e d . T h is  suggests th a t i t  is  la rg e ly  
formed by anothe r ro u te  in  these s o lv e n ts , e .g ., by o x id a tio n  o f  the  
s o lv e n t. In t i ie  case o f  ethano l t h is  Is  r e a d i ly  v is u a lis e d  as in  
Scheme XX, where X* is  any ra d ic a l in  th e  re a c tio n  m ix tu re . in  the  
Schen-e XX
RCORj + c j y * h v
? H
X '
case o f  1 ,2-e th a n d io t an analogous sequence o f  re a c tio n s  cou ld  lead 
to  g lyco la ld e h yd e . No a ttem p t to  e s ta b lis h  th e  presence o r  
absence o f  t h is  p ro du c t was made so i t  cou ld  have been formed. 
However, e th a n a l, I f  i t  was c o r r e c t ly  id e n t i f ie d ,  must be formed 
by a d i f f e r e n t  ro u te . The fo llo w in g  scheme (Scheme XXI) Is a 
p o s s ib i l i t y .  The compound HX is  any hydrogen atom donor in  the 
re a c tio n  m ix tu re .
Scheme XXI
R C O R ,* HOCHgCHgOH - B Z    R C R, *  HOCHgCHOH
The fo rm a tio n  o f  a CH^ CHO ra d ic a l is  no t unknown. In one a r t i c le  
L iv in g s to n  and Zeldes s tu d ie d  th e  u .v .  p h o to ly s is  o f  a s o lu t io n  o f  1% 
hydrogen pe rox ide  in  1,2 -e th a n d io l w ith  va ry in g  amounts o f  w ate r and 
in  the presence o r  absence o f  a c id  c a ta ly s t  The s o lu t io n  was
purged o f  oxygen so "OH ra d ic a ls  were produced o n ly  from  th e  hydrogen 
pe rox ide . These then a b s tra c te d  a hydrogen atom from  th e  so lv e n t.
The s o lv e n t ra d ic a ls  thus formed were observed by e . s . r .  spectroscopy 
and in  th e  a c id  c a ta lyse d  s p e c tra , th e  m ajor ra d ic a l was CHgCHO. W ith 
no s c lJ  c a ta ly s t p re sen t the m ajor ra d ic a l produced was HOCHCHgOH but 
some CHjCHO w-'- t ) |  form ed. O ther au th o rs  have a lso  re p o rte d  the
fo rm a tio n  0 ra d ic a l from  1,2 -e th a n d lo l, bu t using s tron g
a c id  o r  base l >d o x id a tio n
2. V is c o s ity  o f  th e  So lvent
The re s u lts  o b ta in e d  fo r  I r r a d ia t io n s  perform ed in  hydrocarbons 
a re  th e  o n ly  ones l i k e l y  to  be o f  va lu e  in  d iscu ss in g  v is c o s ity  
e f fe c t s ,  s in c e  th e re  a re  too many o th e r fa c to rs  in flu e n c in g  the 
re s u lts  o b ta in ed  fo r  I r r a d ia t io n s  In  the a lco ho l s o lv e n ts . I t  was 
I n i t i a l l y  considered th a t as th e  hydrocarbon cha in  len g th  o r  the 
v is c o s ity  Increased, th e  Increased " I n te rn a l  p re ssu re " o f  the system 
m ight fa vo u r th e  e y e ) Iz a t lo n  ove r the e l im in a t io n  re a c tio n . This 
would be /e f ie c te d  In  a decreas ing ace to ne /cyc lob u ta no l r a t io  w ith  
In c re as in g  so lve n t v is a . s i t y .  As can be seen from  Tab le XX II (page 
110) th is  exp la n a tio n  Is  c le a r ly  no t co n firm e d .
From Tab le XX II I t  can be seen th a t  ehe percentages o f  acetone 
and cyc lo b u ta n o l show a sm a ll, general decrease as th e  hydrocarbon 
cha in  le n g th  Increases a lth ou gh  th e re  Is  con s ide ra b le  s c a t te r  In  the 
da ta . The decrease In  th e  acetone (e l im in a t io n )  y ie ld  Is  o r  the 












though. I t  can a lso  ba seen th a t bo th the airount o f  rem ain ing 
ketone and tb ”  y ie ld  o f  reduced ketone show an inc rea se  w ith  increas™
Ing hydrocarbon cha in  len g th .
A te n ta t iv e  e xp la n a tio n  fo r  these ob se rva tio n s  may be based on 
c o n s id e ra tio n  o f  th e  e f fe c t  o f  the medium on th e  ra te  o f  ro ta t io n  In
th e  1,4 - b l r a d lc a ! . Brown has suggested th a t r o ta t io n  in  the
1,4 -b lra d lc a l may be re ta rd ed  in  v iscou s  media and th e re fo re  
th is  may lead to  increased e f f ic ie n c y  o f  back dona tion  o f the 
fh y d ro g s n  atom in  such media (see in tro d u c t io n , s e c tio n s  D2(e) and 
E 3 (b ) ) . There seems no reason to  expect any d i r e c t  e f fe c t  o f  so lve n t 
v is c o s i ty  In  th e  p h o to red uc tio n  and th e  small Increase in  the 
p ro p o rtio n  o f  th is  p ro du c t may s im p ly  In d ic a te  i t s  g re a te r 
p r o b a b i l it y  o f  occu rrence when th e  a lte r n a t iv e  re a c tio n s  (which re q u ire  
In te rn a l ro ta t io n )  a re  re ta rd ed .
I t  cou ld  a lso  be argued th a t the increased p ro p o rtio n  o f  
unchanged ketone m ight be due to  a decrease in  th e  quantum y ie ld  o f  
th e  Type I re a c tio n  by increased cage reco m b ina tion , w ith  Increas ing  
s o lv e n t v is c o s i ty .  There Is  no q u a l i ta t iv e  eviccnce fo r  th is  In  the
r e s u lts  a lth ou gh I t  cannot be ru le d  o u t as a c o n tr ib u to ry  fa c to r .
W ith the 1Im /te d  experim en ta l evidence a t  hand, i t  seems most economical 
to  t e n ta t iv e ly  adopt the exp la n a tio n  advanced In  th e  prev ious 
paragraph.
In con c lus io n  i t  r u s t  be noted th a t the so,’ vent v is c o s ity  e f fe c ts  
observed in  th u  presen t work a re  small and th a t  more a ccu ra te  e x p e r i­
ments on a w ider range o f  ketones a re  needed to  e s ta b lis h  th e i r  
v a l I d i t y  unambIguous1y .
——  .
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tim e , an increase in  t r i p l e t  energy o r  an increase in  th e  mr 
c h a ra c te r  o f  the e x c ite d  s ta te .  The s im p le s t and most a t t r a c t iv e  
e xp la n a tio n  is  th a t hydrogen a b s tra c t io n  from  th e  s o lv e n t is  
hinde red by cc -sub s titue n ts  .
T r lb u ty ls ta n n a n e  has a is o  been used in  an attem pt- to  t r a p  lon g - 
l iv e d  b lra d ic a 1 s formed by in tra m o le c u la r  y-hydrogen a b s tra c t io n  In 
t r i p l e t  a ry l a lk y l ketones A l l  a ttem p ts  a t  tra p p in g  these
‘ r a d ic a ls  w ith  t r i b u t y l  stannane fa i le d ,  however, ^  and from 
-.u.v iquent wor't by Wagner and coworkers i t  appears th a t  t h is  is  
Seca ;se the  ve ry  ra p id  - eduction  o f th e  t r i p l e t  ketone obscures 
the  t iv 'e c t .  in  t h is  la te r  work, Wagner and cow orksrs using 
a l k y i i h i c l s  were a b le  to  dem onstra te tra p p in g  o f  b i ra d ica  I." and 
p laced a,i -ipper l i m i t  o f  2 x 10 ^ sec on the l i f e t in .?  o f  th e  unso lva ted  
b ira d  le a l de rive d  from  t r i p l e t  alerophenone In  heptane s o lu t io n .
In benzene w 't a in in g  p y r id in e  t h is  l i f e t im e  was Increased to  
"  0 *  sec by s o lv a t io n  ^  (see be low ).
2 , So lv e n t P o la r i t y  E f fe c ts
Wagner haf, in ve s tig a te d  th e  e f fe c t  o f  so lv e n t p o la r i t y  on the  
quantum y ie ld s  o f  Type I t  re a c tio n  and cyc lo b u ta n o l fo rm a tio n  
A ry l a lk y l ketones were used s in c e  they re a c t la rg e ly  from  th e  
t r ip le t - d e r iv e d  b ira d ic a l Wagner found th a t th e  quantum
y ie ld s  o f  th e  e l Im in a t 'o n  and c y c l iz a t lo n  products  increased In 
p o la r  s o lve n ts . He advanced th e  th e o ry  th a t  hydrogen bonding
*  I t  is  in te re s t in g  to  no te th a t Lewis a ls o  suggests th e  hydro I (a ) 
is  formed by d is ^ ro p o r t io n a t lo n  o f two k e ty l r a d ic a ls  end no t by 
d is p ro p o r t io n  o f th e  o r ig in a l  k e ty l- s o lv e n t ra d ic a l p a ir  
(from  p o in t (V )).
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